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Chapter 1
Gallium Nitride: An Introduction
Semiconductors are an important class of materials, which directly influence our everyday 
life activities. Advancements in semiconductor-device-technology have greatly improved our 
living standards. Gallium nitride (GaN) is also a compound semiconductor belonging to III-V 
group of periodic table. It has useful electro-optical properties and holds a great potential for 
future devices. This thesis is focused on the development of optimized processes to grow high 
quality and thick wurtzitic (WZ) GaN epitaxial layers by the hydride vapor phase epitaxy 
(HVPE) method. The results are discussed in detail in the subsequent chapters while this 
chapter is focused on the properties and applications of this material including its research 
history and main bottle-neck issues effecting GaN-technology. Additionally, the goal of this 
research work is elaborated in this chapter.
Semiconductors were in use long before the invention of the first transistor in 1947 [1] How­
ever, because of the limited understanding of semiconductors, the applications were mainly 
limited to radio-wave detectors. During the Second World War, the urge for efficient radar 
systems pushed the need for practical amplifiers. Russel Ohl of Bell Laboratories spent a 
considerable time on understanding the crystals, these detectors were made of. He found 
out th a t a high quality of crystals is crucial for a high performance of the detector. The 
further interest in the crystalline materials resulted in fabrication of the first transistor by 
Bardeen and Shockley, (see Fig.1.1). This very first transistor was based on germanium 
(Ge) which was later replaced by silicon (Si) because of its be tter stability at high operating 
tem peratures. This was the sta rt of the Si technology, which brought a revolution in the 
semiconductor industry. To date, most of the devices are fabricated using this material. No 
doubt, we are living in an age which is dom inated by Si devices.
The ever-growing demand for fast devices and m iniaturization of the integrated circuit has 
also led to the introduction of new materials which are be tter suited for the new generation of 
devices than  Si. III-V semiconductors emerged as an im portant semiconductor family in this 
regard. The fascinating intrinsic properties of I I I - V s make them  suitable for next generation 
devices which are expected to be faster, more stable, and reliable in their operation even at 
extreme conditions. Gallium Nitride (GaN), also a group-III nitride, holds a great potential 
for optoelectronic industry. As being the focus of this research work, this m aterial will be 
discussed from here on.
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Figure 1.1: Image of the first transistor fabricated in 1947, which earned Schockley, Bardeen, and 
Brattain a Noble Prize.
1.1 Tracing G aN  in history
Although industrial development of semiconductors only started  in the late fifties of the last 
century, the report on nitrides already appeared in the early 1900’s. Aluminum nitride (AlN) 
was the first nitride to be reported in 1915 [2], while the first GaN was synthesized in form 
of a powder [3] in 1932. In 1969, Maruska et al. [4] were successful in growing the first GaN 
on a sapphire substrate by hydride vapor phase epitaxial (HVPE) m ethod which was later 
endorsed by Illegems et al [5] in 1971. The grown layers were unintentionally n-type doped. 
Nitrogen (N) vacancies (intrinsic point defects) were held responsible for this background 
doping effect. The unintentional n-type character of the as-grown GaN layers is now a well 
known fact and is very difficult to get rid of.
The interest in this m aterial was reduced in 1980’s due to the issues encountered, namely 
the low quality of the GaN layers grown on foreign substrates and the difficulty in activating 
p-type dopants. The interest in this m aterial was only restored, when an improved process 
was introduced to grow GaN layers on sapphire substrates [6 , 7]. An AlN buffer/nucleation 
layer was introduced prior to the deposition of the epitaxial layer, which resulted in a dras­
tic reduction of defects in hetero-GaN [8 , 9]. This point together with a discovery of the 
magnesium (Mg) acceptor enabling to produce p-type GaN [6 , 7] brought this m aterial back 
into the spot light. The success of p-type doping was a breakthrough in the history of GaN 
research as it made the production of GaN light em itting diodes (LEDs) possible. From tha t 
point on, extensive research has been carried out on this m aterial and it would not be wrong
2
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Figure 1.2: (a) Wurtzite (WZ) and, (b) a Zincblende (ZB) crystal structures of GaN.
to say, tha t this is the best studied m aterial among all group III- nitrides.
1.2 C rystal Structure o f G aN
The three known crystalline structures of GaN are the w urtzite (WZ), zincblende (ZB), and 
rock-salt (RS) structure [10].
Thermodynamically, the most stable structure at ambient conditions is the WZ one. The 
reason is the compact structure which is illustrated by the small c/a  ra tio1 of 1.627 [11]. The 
WZ structure consists of two inter-penetrating, hexagonal closed packed (HCP) sub-lattices 
(each with one type of atom) with an offset of 5/8  along the c-axis, see Fig.1.2a. The ZB 
crystalline arrangement is the second most common structure of GaN. The ZB structure is 
made up of two inter-penetrating and identical face centered cubic (FCC) unit cells, which 
are offset from one another by one quarter of the distance along the body diagonal of a cube 
(Fig.1.2b). The ZB structure is a m etastable phase of GaN at ambient conditions. However, 
it can be stabilized while growing on Si (0 0 1) [12] and gallium arsenide (GaAs) (0 0 1) [13] 
substrates. On the other hand, the growth on sapphire and 4H- and 6H- polytypes of silicon 
carbide (SiC) results in WZ-GaN [14, 15].
The WZ and the ZB structures are similar except the stacking sequence which is AaBbAaB- 
bAaBb along the <0 0 0 1> direction in the WZ structure, and AaBbCcAaBbCc in the 
<1 1 1> direction for the ZB-GaN. The small and the capital letters in the stacking sequence 
stand for the two constituent elements of GaN. A fault in the stacking sequence results in the
1c /a  ra tio  determ ines th e  packing density  of atom s in a certain  crystalline stru c tu re . Low c /a  ra tio  implies 
a com pact and th u s stable crystal stru ctu re .
3
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Figure 1.3: Band gaps and the corresponding wavelengths of InN, GaN, AlN, and their ternary 
alloys are shown.
(local) transform ation of one structure into another, which is characterized as a polytypic 
inclusion or stacking fault (SF) defect.
The th ird  known structure for GaN is the rock-salt (RS) one. It is stable only at high 
pressures [16]. The building blocks of the structure are two inter-penetrating FCC lattices, 
which are displaced by half a length along the cube edge. The unit cell comprises four atoms 
of each element.
All three crystalline structures of GaN are polar, i.e., they have crystallographic planes which 
are either Ga- or N-term inated [10] due to lack of a center of inversion. This implies tha t 
if a symmetry operation like inversion is applied to a GaN crystal lattice, it will results in 
a replacement of Ga atoms with N atoms and vice versa. In WZ-GaN, the polar plane is 
[0 0 0 1]. Hence, the G a-term inated planes are marked as [0 0 0 1], while the N -term inated 
planes as [0 0 0 I]. In case of RS and ZB structures of GaN, [1 1 1] is the polar plane and 
the Ga- and N-term inated surfaces are labeled as [1 1 1] and [1 1 1 ], respectively. Polarity 
determines the properties of a m aterial such as growth param eters, etching conditions, and 
defect generation.
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In this work, Ga-polar GaN layers are mainly grown and studied. However, the properties of 
N-polar GaN layers obtained as a result of spontaneous separation are discussed in C hap.6 . 
of this thesis.
1.3 P roperties and A pplications o f G aN
The nitride family is known for its outstanding intrinsic physical and chemical properties, 
which offers a huge potential for the electro-optical industry. In this section, the properties 
and applications of WZ-GaN are discussed.
WZ-GaN has a direct band gap of 3.4 eV [4, 17]. Among the other group III nitrides, 
indium nitride (InN) has the smallest (0.7 eV) [18] and AlN has the largest(6.1 eV) direct 
band gaps [19]. Hence, alloying GaN with In and Al results in variation of the band gap 
from 0.7- to 6.1 eV [2], which allows light generation from infrared (IR) to deep ultraviolet 
(UV) wavelengths (Fig.1.3). This property of GaN together with the directness of its band 
gap has allowed the fabrication of bright and efficient LEDs [20, 21] and laser diodes (LDs) 
[22]. Beside this, the high electron mobility and high breakdown field of GaN make it 
an im portant candidate for electronic devices operating at high frequency and power. Its 
capability of handling high power brought an increasing interest in devices like high power 
rectifiers, high electron mobility transistor (HEMT), and amplifiers. These high power devices 
find their applications in utility transmission and distribution systems, microwave power 
amplification in satellite links, wireless communication, etc. The high mechanical strength, 
chemical stability, and non-toxicity are some other useful properties of GaN. High radiation 
resistivity of this semiconductor can be utilized in space oriented applications, for example, 
solar cell arrays for satellites.
Table 1.1: Properties of GaN
Constant Coefficient GaN AlN InN
Lattice Constant (ao) [A] 3.189 3.112 3.545
Lattice Constant (c0) [A] 5.185 4.982 5.703
Therm al expansion (aa) [K-1] 3.2 - -
Melting tem perature (Tm) [C] 2500 3000 1100
Therm al Conductivity (k) [W cm- 1K -1] 2.05 2 1.76
Energy gap(r) [eV] 3.42 6.2 1.89
Saturation velocity(usat) [cm s 1] 2.4x107 1.4x107 2.5x107
Breakdown field(FBD) [V cm-1] > 5 x 1 0 6 - -
GaN devices are expected to be reliable, efficient, and durable which will play a role in envi­
ronm ent conservation. The above described features will also result in a reduced packaging 
volume of GaN-based devices which is particularly attractive for space applications. Some
5
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im portant properties of GaN are summarized in Table.1.1.
1.4 Issues o f G aN  technology
1.4.1 Lack o f native substrate
Bulk growth of GaN employing the conventional Czochralski and Bridgman methods is not 
possible due to its high covalency and an extremely high decomposition pressure (~  15 kbar) 
a t its melting point (2500 °C) [23].
Therefore, bulk GaN is mainly grown by amm onothermal and high pressure nitrogen solution 
growth (HPNSG) methods. In the am m onothermal method, the GaN containing feed stock 
is dissolved in ammonia (NH3) in one zone of the autoclave m aintained at high pressure and 
is transported by means of convection to relatively higher tem perature zone of the autoclave 
where it crystallized preferably on GaN seeds. The crucial point is the choice of mineralizer, 
which acts as a catalyst, and thus enhances the solubility of GaN in NH3. The ammono-basic 
(i.e. NH4 ions) mineralizer environment is reported to achieve a high solubility [24, 25]. The 
process takes place at a tem peratures of 400 to 600 °C and pressures ranging from 0.1 to 0.3 
GPa. In HPNSG, nitrogen under high pressure is used in order to inhibit the decomposition 
of GaN. The growth of single crystals is performed in molten Ga and requires tem peratures of 
about 1500 °C and nitrogen pressures in the order of 15- to 20 kbar [26]. Both m ethods have 
dem onstrated the growth of bulk GaN, however the development of large-size GaN boules at 
an industrial level suffers delays mainly due to the slow deposition rate of these methods, to 
date. This has led to a limited availability of GaN substrates at high prices.
Alternatively, GaN is grown on foreign substrates. Heteroepitaxially grown GaN and other 
III-nitrides are rich in defects due to differences in the physical properties of the nitrides with 
the starting  substrates (see Table.1.2). Sapphire, GaAs, Si, and SiC are some of the common 
substrates studied for GaN growth. In this work, epitaxial growth of [0 0 0 1] GaN layers 
was performed on [0 0 0 1] sapphire substrates. Growth on sapphire carries both  advantages 
and disadvantages. The lim itations and useful aspects of sapphire as a substrate for the GaN 
growth are discussed in the following section.
S a p p h ire  : A  S u b s tr a te  for G aN
The substrate usually defines the properties of the growing layers such as crystalline structure, 
morphology, defect distribution, polarity, etc, as summarized in Table.1.2. Due to the non­
availability of bulk GaN substrates, heteroepitaxy remains the best choice. Sapphire has 
emerged as the most common and successful substrate choice for this purpose. The very first 
epitaxial GaN was also grown on sapphire [4]. In 1986, when Amano et al. [9] reported the
6
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large improvement of the quality of WZ-GaN, it was again sapphire which was employed as 
a substrate.
The preference of sapphire as a substrate for GaN growth can be attributed to the wide avail­
ability, reasonable prices, flexibility in available wafer sizes, and high quality. Additionally, 
it exist in hexagonal symmetry, it is stable at high temperatures which is a pre-requisite for 
the deposition of GaN by metal organic chemical vapor deposition (MOCVD) and HVPE 
methods, and most important of all, the process to grow high quality GaN on sapphire has 
been developed in depth in the recent years. Furthermore, the crystalline quality of the GaN 
grown on sapphire is good, and it is comparable to GaN grown on other foreign substrates
[27].
Sapphire exists in different polymorphs, e.g. a-, -, 7 -, k - Al2O3 [28], due to the freedom of 
stacking 2 Al atoms for every three oxygen atoms. The alternating Al and O atoms layers are 
known to stack in either rhombohedral or hexagonal structures. GaN epitaxy is studied and 
developed on the (0 0 0 1) oriented hexagonal cell containing 30 atoms, see Fig.1.4a. GaN 
epitaxy on the (0 0 0 1) plane of sapphire results in (0 0 0 1) WZ-GaN. However, in order to 
adjust the high lattice mismatch of ~  15% [28], grown GaN crystal lattice is rotated 30° in 
plane with respect to the sapphire. Hence, the cleavage planes of GaN and sapphire are not 
alligned, which makes it difficult to cleave facets, particularly for the laser structures. The 
epitaxial relationship between GaN and sapphire is shown in Fig.1.4b.
In order to produce good quality GaN, several steps are employed in the HVPE process. For 
instance, wetting of GaN on the sapphire surface is improved by nitridation which is simply 
a high temperature annealing of sapphire in an NH3 rich environment. The growth process, 
particularly the initial growth condition, influences the properties of the main epi-layer in 
terms of defect and carrier concentration. The polarity of the GaN epitaxial layers strongly 
depends on the growth process and is not effected by the sapphire substrate as the surfaces
Table 1.2: Problems in heteroepitaxial growth of III nitrides 
Difference in Physical Property Resulting problems in deposited material 
a-Lattice Constant Misfit dislocations, mostly of edge-type
c-Lattice Constant Anti-phase boundaries,
Inversion domain boundaries 
Thermal expansion Stress in the layer causing cracks
Chemical composition Incorporation of substrate elements
into the growing layer, poor wetting, 
Surface polarity Non-polar substrate surfaces should be
transformed to polar WZ structures 
Surface steps Stacking mismatch boundaries
7
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Figure 1.4: (a) Hexagonal crystal structure of sapphire, (b) Top view of GaN and sapphire (0 0 0 1) 
showing the epitaxial relationship of the GaN with sapphire. The lattice constants of sapphire are, 
a = 4.7589 Aand c = 12.991 A.
of the sapphire used for the GaN epitaxy, including the (0 0 0 1) surface, are non-polar. The 
growth steps employed for GaN epitaxy are treated in detail in the forthcoming chapters.
Despite the progress in growing GaN layers on the sapphire substrates, the defect density 
is still high, for instance, for high power operating laser devices. Additionally, GaN layers 
suffer from cracking due to thermal expansion coefficient (TEC) mismatch with sapphire. 
The TEC of a-Al2O3 is 7.5x10-6 K-1  [29] and 5.59x10-6 K-1  for GaN [4]. These problems 
are addressed in this work.
The growth on other crystallographic orientations of sapphire is also an active area of research. 
For instance, the growth on r-plane sapphire allows growth of [1 1 2 0] a-plane GaN films
[30]. The a-plane of GaN, being a non-polar direction, offers the advantage of reducing 
the piezoelectric polarization effect. This polarization effect introduces charge separation 
within quantum well structures, which results in a reduced electron-hole (e-h) recombination 
efficiency and red shift of the emitted wavelength, both of which are undesirable for UV 
emitters [31].
1.4.2 Doping of GaN
The electrical conductivity of a semiconductor can be altered by doping it with a specific 
element. Doping is a process in which impurities are intentionally and in a controlled manner 
introduced in a semiconductor in order to increase the electron (n type doping) or hole 
concentration (p type doping). The doping can be affected by point defects which may cause 
self-compensation. For instance, in the case of p type doped material, point defects can act 
as donors and compensate the doping effect of the deliberately introduced acceptor. Point 
defects are characterized as vacancies, interstitial, and antisites which can be intrinsic (native
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defects) or extrinsic (involve unintentionally introduced impurities).
The native defects in GaN are Ga (VGa) and nitrogen (VN) vacancies, self-interstitial (Ga* 
and Nj), and antisites (GaN and NGa) [32]. The common impurities in case of GaN grown 
by the MOCVD and HVPE methods are Si, O2, and C, which can occupy substitutional 
(ON, Sic«) or antisite positions in the lattice. The possible sources of these impurities are 
degradation of the quartz or graphite crucibles and substrate holders due to the extreme 
growth conditions involved in these processes [33]. The gas precursors may also serve as a 
source of these impurities as traces of water vapor are frequently found in NH3 precursors
[33].
Doping of wide band gap semiconductors is a well know issue. It is hard to dope this 
material p-type, while on the other hand, it always posses n-type background doping. The 
exact origin of unintentional n-type doping in GaN is not known. However, it is attributed to 
the N vacancies and incorporation of certain impurities such as Si and O during the growth 
processes [10]. First order principle calculations have shown that VG« and V N have very high 
formation energies in un-doped GaN in comparison to the Sic« and ON substitutionals. This 
suggests that foreign impurities are the most likely candidate of n-type conductivity in an 
unintentionally doped GaN. It has been confirmed that unintentionally doped n-type GaN 
layers contain Si or O concentrations [34, 35].
P-type doping of GaN is problematic due to difficulty of activating acceptors in GaN. Mag­
nesium has been widely studied as an acceptor for GaN. The very first p-type GaN was also 
reported by incorporating Mg [6 , 7]. However, Mg is a deep acceptor in GaN and has high 
activation energy, which implies a low hole concentration at room temperature. Moreover, 
Mg doping results in the formation of Mg-H complexes due to presence of H-  ions in the 
MOCVD process. The formation of Mg-H complexes prevents the electrical activation of 
the Mg acceptors. Electron beam irradiation [6 , 7] or post thermal annealing [7] of p-doped 
GaN layers is required in order to activate Mg atom by dissociating these complexes. The 
formation of the Mg-H complexes has not been observed in molecular beam epitaxy (MBE)- 
grown-Mg-doped-GaN layers because of the absence of the hydrogen environment in the 
growth chamber [36]. Carbon (C) [37] and Beryllium (Be) [38] have also been investigated as 
candidates for p-type dopant in GaN, however little success has been reported in this regard.
1.5 Scope and goals o f th e  thesis
Heteroepitaxy results in the introduction of defects in the grown material which of course 
is also true in the case for GaN grown on foreign substrates. However, GaN heteroepitaxy 
has been well developed in past years and it is possible to grow high quality GaN layers 
even on foreign substrates. The work in this thesis was focused on the optimization of a 
HVPE process to grow thick and high quality GaN layers on sapphire. HVPE was employed
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as a growth method mainly because it allows growth of good quality GaN layers with high 
growth rate (80- to 250 |i.m h-1) [40]. This technique requires cheap precursors and has a 
low NH3 consumption [39]. Additionally, it has emerged as an effective method to fabricate 
quasi-bulk, free-standing (FS) GaN substrates [40]. The sapphire was used as a substrate 
in this research due to the availability of high quality wafers in different sizes at economical 
prices [28]. In addition, the results in terms of quality of GaN deposited on the sapphire are 
comparable to the ones grown on other substrates such as SiC, etc [27].
The main goals of this work are three fold. First, the work is targeted at developing an 
optimized growth process for deposition of GaN layers in a newly built, home made horizontal 
HVPE reactor. The optimization of this process is aimed at achieving crack-free growth of 
thick layers possessing high quality in terms of structural, optical, and electrical properties. 
Extensive characterization probes the quality of the grown layers. The second aim of this 
work is to produce quasi-bulk GaN substrates2, which would subsequently be used for GaN 
homoepitaxy. GaN homoepitaxy would help to grow bulk like GaN layers with an even lower 
dislocation3 density (DD). Different approaches to be employed in situ as well as ex situ are 
planned for this purpose. The third main purpose of this work is to explore certain approaches 
that result in a low defect density in heteroepitaxial GaN layers. In addition to the above 
described goals, improvement of the reactor design is required in order to achieve high growth 
rates and a reduction of the parasitic deposition during the process. High growth rates and a 
reduced parasitic deposition would allow to grow for longer durations and result into thicker 
layers which are expected to be less prone to the crack formation due to post-growth thermal 
stress. Beside these issues, one of the targets of this work is to grow on native bulk GaN 
substrates and study the effect of homoepitaxy on the properties of GaN layers. The results 
are discussed in detail in the forth coming chapters and are briefly summarized below.
In the first part of this work, a GaN epitaxial deposition process in the HVPE reactor is 
successfully developed and optimized for growth on c-plane sapphire substrates and MOCVD- 
templates. MOCVD-templates are thin, epitaxial GaN films of thickness about 2- to 3 |am 
deposited on sapphire substrates in the MOCVD reactor [41, 42]. As a result of process 
optimization, high quality, shiny, and transparent layers of thickness 300 |am are grown 
directly on the sapphire substrate and on MOCVD templates. The quality of the epitaxial 
layers grown directly on sapphire have improved in the terms of the dislocations and crack 
density in comparison to the layers grown on MOCVD-templates. The process of growing 
directly on sapphire substrates in the HVPE reactor also carries advantages of making the 
process independent, less-complicated, and cheaper. Comparison of the properties of the 
HVPE layers grown directly on sapphire substrates and MOCVD-templates is presented in 
detail in Chap.3.
2Quasi-bulk GaN substrates are prepared by heteroepitaxy instead of bulk growth methods. Firstly,
thicker GaN layers are deposited on the foreign substrates and then substrates are removed, for instance by 
etching, leaving behind free-standing bulk-like GaN layers. The bulk-like layers are then sliced and polished
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300 Epi GaN Overgrowth by HVPE Spontaneous separation
Figure 1.5: One of the approaches used in this work to achieve free-standing GaN substrates, relies 
on the spontaneous separation of GaN from the substrate.
For devices such as laser operating at short wavelengths, GaN material with dislocation 
densities (DD) as low as 105 cm-2 are required [2]. The DD in the layers grown directly 
on sapphire substrates remains in order of 3 x 107 cm-2 in our case. This is an acceptable 
values for devices like LEDs. The DD in this order is, however, not low enough for UV-laser 
structures. Therefore, we opt for special processing approaches in order to obtain further 
reduction of the DD in our HVPE-grown GaN. In the first approach, we have overgrown 
HVPE and MOCVD-grown GaN layers by HVPE process. These templates were pre-etched 
in a molten solution of bases and salts (details of etching method are given in Chap.2). The 
overgrowth by HVPE has resulted in a local reduction of the DD, i.e., 50% of the area is free 
of dislocations. The detailed results are presented in the Chap.4. In the second approach, 
GaN layers are grown with SiNx treatment during HVPE process. SiNx treatment is simply 
an introduction of silane (SiH4) flow alongwith an NH3 flow in the growth chamber at specific 
temperature and pressure. SiNx is introduced at different stages during the growth process. 
Such treatment results in the uniform reduction of DD upto 106 cm-2 in the GaN layers. 
The treatment method is discussed in detail in Chap.5.
Due to a TEC mismatch of GaN with sapphire, the resulting GaN layers have convex shaped 
bowing (curvature). This makes device processing difficult. In addition, these layers suffered 
from cracking when subsequently overgrown. Thus, in order to grow GaN of larger thickness, 
homoepitaxy is inevitable. In the third part of this work, FS-substrates are prepared in situ 
by exploiting spontaneous separation due to the TEC mismatch. In this approach (shown 
in Fig.1.5), 0.6- to 2 mm thick FS-GaN layers are obtained in large pieces and in complete 
2 inch diameter by overgrowing GaN-templates (300 |am thick GaN layer grown directly on 
sapphire) with HCl- and Cl2-based HVPE process. The spontaneous separation is observed
to be used for homoepitaxy, hence termed as quasi-bulk GaN substrates.
3Dislocations are line like defects which indicate the disturbance in periodicity of the crystalline structure.
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during the cooling down from the growth temperature. One of the important findings of this 
work is that the spontaneous separation is observed inside the GaN layers and not from the 
sapphire substrates. The detail of the spontaneous separation mechanism and quality of the 
free-standing GaN substrates prepared by HCl and Cl2-based HVPE processes are discussed 
in Chap.6 and Chap.7.
Finally, the quality of the GaN layers deposited on bulk substrates by HVPE is studied. The 
as-grown GaN layer possess a state of the art structural quality with DD in order of 106 
cm-2. The properties of the GaN layers are discussed in Chap.8.
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Chapter 2
Introduction: Growth M ethod and Character­
ization techniques
T his  chapter gives an introduction to the growth method and the characterization techniques 
employed in this work. H V P E  was chosen as a growth method fo r  the deposition of the GaN  
layers mainly because of its ability of growing thick layers of high quality, which was one of the 
goals of this research work. The working principle of H VPE, growth equipment and the process 
to grow on different substrates will be discussed in this chapter. Keeping in m ind  that the 
quality of the grown material is important, H V P E -G aN  layers were extensively characterized 
using several characterization techniques. Morphologies of the GaN layers were examined 
by differential interference contrast microscopy (DICM), optical properties were probed by 
photoluminescence (PL) spectroscopy, stress in the layers was determined by micro Raman  
(lJ-R,aman) spectroscopy, and the structural quality was assessed by employing high resolution 
X-ray diffraction (H R-XRD ), scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM ). Defect-selective etching of the layers was frequently performed to reveal 
the dislocation like defect. The working principle of these techniques and how they were 
employed to study the properties of GaN layers is discussed and presented.
2.1 H ydride Vapor P hase Epitaxy: A growth method 
fo r  GaN
Hydride Vapor Phase Epitaxy (HVPE) is a growth method in which deposition of epitaxial 
layers takes place from a vapor phase. The method is known as chloride vapor phase epi­
taxy when chlorine vapors are employed, i.e. GaN growth can be carried out by replacing 
hydrochloric (HCl) gas vapors with a chloride (Cl2) ones.
The use of HVPE was first reported by Tietjen et al. in 1966 for the deposition of GaAs1-xPx 
epitaxial layers [1]. The method was later reported for the epitaxial growth of GaN in 1969
[2]. HVPE is considered an important technique for GaN growth due to its high growth rate 
and ability to produce good quality GaN material even on foreign substrates. The production 
of high quality and thicker layers in short time has led to the realization of quasi-bulk GaN 
substrates for the homoepitaxy [3].
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H 2 /N 2
C0>O Susceptor
H 2 /N 2
Reactor
tube
Figure 2.1: Schematic illustration of the horizontal HVPE reactor
GaCl
In addition to the high deposition rate, this method carries a lot of other advantages such as 
not so complicated working operation and use of simple precursors. The low NH3 consump­
tion, one of the precursor for the nitride growth, contributes to the low operation cost in 
comparison to MOCVD. The successful implementation of the selective growth [4] technique 
in order to reduce the DD in III-V materials is another advantage offered by HVPE.
Despite all these advantages, HVPE has some undesirable features as well. HVPE of GaN 
requires a hot wall reactor tube, which leads to homogeneous reactions that are difficult to 
control. This result in a parasitic deposition of polycrystalline GaN on reactor walls and 
gallium chloride (GaCl) outlets. The GaCl outlets are blocked after a certain time and the 
process has to be stopped. This prevents longer growth runs and requires frequent cleaning 
of the reactor by HCl at higher temperatures. The parasitically deposited GaN particles 
sometimes fall on the growing wafer and incorporate as defects. HVPE process of GaN also 
tends to produce copious amounts of ammonium chloride (NH4Cl), which frequently clogs 
the exhaust system and requires regular cleaning. High deposition rate makes this method 
not very suitable to grow device structures with sharp interfaces as in the case of MOCVD 
and MBE. Growth at extreme conditions also results in incorporation of Si and O impurities 
into growing GaN layers from the degrading quartz part, a well known issue for HVPE.
2.2 H V P E  Setup
Growth experiments were performed in a new, home-built, horizontal HVPE reactor named 
‘Goliath’ due to its relative large size as compared to the other HVPE reactor called ‘David’. 
The reactor can be used for deposition on 4- as well as 2 inch wafers. In addition, three 2 
inch wafers can be grown simultaneously as well. Automated operation of the reactor helps
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Figure 2.2: HVPE reactor: Goliath
in achieving a high reproducibility of the growth processes. NH3, HCl and SiH4 lines are 
installed for growth and doping purposes. Gases can be diluted either with N2 or H2 gases as 
push flows. N2 and H2 were also employed as carrier gases. An extra HCl line is installed in 
Goliath for cleaning of the reactor tube to get rid of the parasitic deposition. The gases used 
were of high purity 99.99999% (7N). In order to furthur eliminate the risk of contamination, 
gases were made to pass through purifiers before entering into the reactor. The equiment has 
a vent-run switch arrangement which is operated by pneumatics. The gas flows are regulated 
in the reactor by the installed mass flow controllers (MFC).
The reactor itself is a quartz tube containing the susceptor, gas outlets and the Ga boat. The 
reactor tube is protected by another quartz tube for safety purposes in case of explosion or 
leak. The sample is placed on the susceptor disk which is rotated by a gas flow. The reactor 
tube is heated by a resistive furnace with three different temperature zones. The temperature 
of the furnace zones and of the substrate is measured by thermocouples. The pressure in 
the reactor is controlled by dedicated electronic system and regulated by a butterfly valve 
arrangement. By-products of the growth process are pumped out of the reactor tube and 
waste particles are trapped by the installed filters, while the waste gases make their way to 
the exhaust via a scrubber. The scrubber is purged with water in order to allow condensation 
of gases. The schematic of a typical HVPE reactor of horizontal configuration is shown in 
Fig.2.1, and the HVPE setup used in this research is shown in Fig.2.2.
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2.3 G rowth process
The heteroepitaxial growth of GaN was developed and optimized in the newly built Goliath. 
The substrates employed for the deposition of GaN layers were sapphire and MOCVD-grown 
templates. MOCVD-templates are thin GaN layers with a thickness of ~  2 |i.m deposited 
over the sapphire substrate [5].
The reaction chemistry during GaN growth is reviewed below before discussing the process 
steps to grow on sapphire and MOCVD temples.
GaN growth takes place as a result of series of reactions between Ga, HCl and NH3. Ga is 
maintained as a liquid by keeping the reactor zone temperature at ~  1000 °C. HCl is flushed 
over the Ga melt resulting in the formation of GaCl vapor species, see Eq.2 .1 .
Ga(iiq) +  HCl^g) ^  GaCl(g) +  ^ H 2 (2.1)
In second step, GaCl reacts with NH3 to form GaN over a rotating wafer, when introduced 
into the growth zone maintained at a temperature of ~  1070 °C.
GaCl(g) +  N H 3(g) ^  GaN(s) +  H2(g) +  H C l(g) (2.2)
Hence the overall reaction can be written as
2 Ga(liq) +  HCJl(g) +  3N H 3(g) ^  2GaN(s) +  N H 4Cl(s) +  3H2(g) (2.3)
The growth on sapphire substrate was carried out in two main steps. In a first step, a GaN 
nucleation layer (GaN-NL) is deposited at low temperature on the sapphire substrate and in 
second step, the epitaxial growth is carried out at high temperature. Before the deposition of 
the GaN-NL, a nitridation step is performed by exposing the sapphire substrate to the NH3 
flow at temperature of 1050 °C. The exact role and effect of nitridation on the sapphire surface 
is not very clear. In literature, controversial reports exists claiming formation of a relaxed 
crystalline AlN [6] or an amorphous AlNO layer [7]. The possible reason of such discrepancy 
is the use of different growth methods which require different precursors and experimental 
conditions. Nitridation is reported to enhance the electron mobility in subsequently grown 
films by improving the microstructure of the low temperature GaN or AlN nucleation layers 
(NL) [6 , 7].
Subsequently, the reactor temperature is dropped to 600 °C to grow a GaN-NL. This layer 
is deposited for a duration of 3 minutes with a V-III ratio of 100. After the deposition of the 
GaN-NL, the reactor temperature is raised to 1000 °C and the GaN-NL is annealed for three 
to five minutes in NH3. High temperature annealing allows recrystallization of the nucleated 
GaN seeds into a large-sized islands oriented in a well defined crystallographic direction with
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respect to the sapphire substrate. The reactor pressure, which is maintained at 200 mbar 
during these steps, is then increased to 970 mbar and the reactor temperature is raised to 
1070 °C in order to carry out the epitaxy step. During this step, the transformation of the 
discontinuous and partially coalesced 3D islands into an uniform 2D epi-layer takes place. To 
allow full coalescence, the epitaxial GaN is grown with a slow growth rate in beginning of the 
process. After this initial slow growth step for 15 minutes, HCl flow is increased in successive 
steps of 15 minutes to achieve higher deposition rates. The carrier gas in the reactor is H2 
during the whole process. When the growth process is finished, carrier gas is switched to 
N2 and the reactor is allowed to cool down to room temperature in the presence of NH3 to 
prevent decomposition of the GaN sample.
In contrast to the direct growth on sapphire, the growth on MOCVD-templates is straight 
forward. As the deposition of the low temperature NL is not required, the process is started 
by heating up the reactor directly to the growth temperature, i.e. 1070 °C in the presence of 
NH3 to avoid decomposition of the GaN-template. After reaching the growth temperature, 
epitaxial growth step is carried out in a similar fashion as in the case of sapphire.
The properties of the grown layers were studied by different characterization techniques. 
The principal of these techniques and how they were employed to study the structural, 
morphological, and optical properties of the GaN layers are discussed in the following sections.
2.4 C haracterization Techniques
2.4.1 Differential Interference contrast M icroscopy
Differential Interference contrast Microscopy (DICM), also known as Nomarski optical mi­
croscopy, was extensively used in this research work. Modern optical microscopes have a 
maximum magnification of 1200x resulting in a resolution better than 1 |xm. A typical No- 
marski microscope consists of a system of sophisticated lenses, a prism, and a halogen lamp 
as a light source. The working principle of the DICM is based on optical phase contrast. The 
incident light is first divided into non-polarized and orthogonally polarized light after passing 
through a Nomarski prism. After hitting the sample, both components of light are diffracted 
back and take the same optical path through the objective lens and the prism. However, 
surface irregularities introduce a phase difference between the two diffracted components of 
light, and they suffer constructive or destructive interference, accordingly. The resulting 
image has an increased contrast making it possible to visualize even very small topological 
defects. The working principle of the DICM is illustrated in Fig.2.3a.
In this work, DICM is used for fast morphological analysis of the as-grown GaN layers, which 
greatly helped in optimizing the growth process. For instance, a non-optimized process can
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Figure 2.3: (a) Schematic illustration of DICM. Plan-view DICM image of 80 thick epi-layer 
grown (b) with a non-optimized and, (c) an optimized process parameters. Both layers were grown 
on MOCVD-templates.
result into a grown layer with a poor surface morphology which is dominated by growth 
hillocks, surface pits, and pin-holes. Fig.2.3b is a DICM image of a 80 |am thick GaN layer 
grown on a MOCVD template with a non-optimized, while Fig.2.3c shows a GaN layer of 
same thickness grown with an optimized process. The morphology of the layer grown with 
the poorly optimized process is dominated by well known, large-sized, growth hillocks. A 
number of micro-sized surface pits are also visible.
The surface morphology also greatly depends on the orientation of the substrates. The effect 
of a slight miscut of the c-plane sapphire substrates is studied by DICM. Fig.2.4a shows a 60 
|j.m thick layer grown on an exact c-plane sapphire, while Fig.2.4b and Fig.2.4c are DICM 
images of GaN layers (60 |am thick) grown on c-plane sapphire with a miscut of 0.3° towards a - 
and m -plane, respectively. The three layers have clearly different morphologies, which shows 
the importance of orientation of sapphire substrate in the GaN growth. The GaN layers 
with a smooth morphology and a reduced surface roughness were obtained while growing 
on c-plane sapphire with a miscut towards a-plane. Thus, this orientation of the sapphire 
substrate is mainly employed in this work unless specified otherwise. DICM in combination 
with wet chemical etching method was employed in tracking threading dislocations (TDs). 
Crossectional DICM is employed in some studies to understand the propagation of cracks 
and overgrowth of defect related etch pits. The detailed results are discussed in forthcoming
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Figure 2.4: Plan-view, DICM images of 60 thick epi-layers grown on sapphire with (a) an 
exact c-plane orientation, (b)c-plane orientation with a 0.3° miscut towards the a-plane, (c) c- 
plane orientation with a 0.3° miscut towards the m-plane.
chapters. The surface finish quality of the substrates and its effect on the quality of the 
HVPE-grown GaN layers is also studied by DICM and results are discussed in detail in 
Chap.8.
2.4.2 D efect-Selective Etching of GaN
Defect-selective etching (DSE) is an important tool for the structural characterization of 
semiconductors, including GaN. This method gives fast data acquisition, requires a simple 
setup, and no sample preparation. Additionally, heavily doped samples can also be assessed, 
which is not possible in the case of the electroless/photo-etching method. DSE results in the 
formation of etch pits on the defects cropping out the GaN surface. However, the defects 
themselves are not revealed which is a limitation of this method and that is why it requires 
calibration with other structural characterization techniques like TEM, XRD, etc. The etched 
samples are analyzed by microscopic techniques in order to determine the density and type 
of etch pits.
GaN shows a high resistance to various etching system known for other compound semicon­
ductors. The etching systems used for GaN are: (i) molten potassium hydroxide (KOH) and 
eutectic solution of KOH and sodium hydroxide (NaOH) [8, 9, 10], and (ii) hot sulphuric acid 
(H2SO4) and phosphoric acid (H3PO4) [8, 11, 12]. Ga- and N polar surfaces of GaN have 
different etching rates. N-polar surfaces etch vigorously at higher temperature as compared 
to the Ga-terminated surfaces. When etching in a solution, both surfaces of GaN are simul­
taneously exposed to the etchant which can result into complete dissolution of the sample via 
N-terminated GaN surface. In order to avoid this, a modified etching method, a eutectic so­
lution of KOH and NaOH salts was introduced [8]. An advantage of the eutectic method over 
conventional KOH etching is the low melting point (~  170 °C). Thus, the eutectic method 
allows etching at much lower temperatures (180- to 260 °C) which is particularly important 
in the case of studying N-polar GaN surfaces.
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Figure 2.5: Etched GaN epi-layer (a) examined by DICM and, (b) by SEM. The screw (s), mixed 
(m), and edge (e) type dislocations are labeled.
In this work, DSE is mostly preformed by employing the molten eutectic method. The setup 
used consists of a hot plate which can be heated upto 600 °C, a crucible, and a thermocouple 
protected with nickel to prevent its etching. The high stability of the Ga surfaces require 
etching temperatures as high as 250 °C to reveal screw dislocations and 380- to 450 °C 
to reveal all dislocations including edge and mixed-type. The etching procedure can start 
when the etchant temperature is constant and all the water is evaporated. Etching in the 
presence of water is aggressive and becomes less effective with time, consequently leading to 
a low reproducibility. The etching rate of HVPE-grown layers greatly varies with the growth 
condition, however the average etching time to reveal all dislocations is 3 minutes.
The pits formed as a result of etching correspond to the defects, hence counting the number of 
the etch pits determines defect density in the sample under investigation. The large difference 
in the magnitude of burger vector of screw, edge and mixed-type dislocations implies that 
the shape/size of the pits formed on different types of dislocations should be different. In 
the literature, reports can be found to asses the types of dislocation from the respective size 
of etch pits in GaN. [8 , 13, 14, 15]. It has been widely accepted that in the HVPE-GaN, the 
largest pits are formed on screw, smaller on mixed, and the smallest on edge-type dislocations
[16]. A DICM and SEM image of an etched HVPE-GaN layer with the three types of pits 
is shown in Fig.2.5a and Fig.2.5b, respectively. The etch pit density (EPD) density is in the 
order of 107 cm-2 in this sample.
2.4.3 Scanning Electron microscopy
The basic principle of scanning electron microscopy is to scan the sample surface with a high 
energetic, collimated electron beam and at the same time collect the electrons emanating 
from the sample surface via a detector. The interaction of an electron beam with surface
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electrons
Figure 2.6: (a) Incident electrons interact with the sample at the atomic scale, resulting in different 
processes which can be used to extract different type of information, (b) a schematic of a SEM 
microscope.
features results in a contrast which is translated into three dimensional image by dedicated 
software and electronics. The incident electrons interact with the sample in different ways 
as shown in Fig.2.6a. Hence, different scattering modes can be used in electron microscopy 
depending upon the information required from the sample. An electron microscopy setup 
detecting secondary electron emissions is termed as scanning electron microscopy (SEM). It 
is mainly utilized to study the topography of the samples. The best resolution achieved with 
secondary electrons is ~  5 A. SEM does not require extensive sample preparation however, 
the sample size should be in the order of a few mm as very large samples cannot be observed. 
Additionally, the sample surface has to be clean in order to avoid contamination of the 
system operating at high vacuum. It is also required to be conductive to avoid charging. 
Non-conducting samples are pre-coated with a thin metallic film such as gold in order to 
reduce charging. Samples under investigation need to be vacuum compatible as well.
A typical SEM setup consists of an electron gun from which generated electrons are accel­
erated down the microscope column, where the high energy electrons are collimated to a 
narrow beam which is focused onto a sample with the aid of magnetic lenses. Scanning coils 
scan the electron beam over the surface area and a detector in the vacuum chamber collects 
the secondary electrons emanating from the sample surface. A schematic of a SEM setup is 
shown in Fig.2.6b.
The setup used in this work is a JEOL SEM operated in the secondary electron mode. The 
dislocations, which thread all the way to the GaN surface, can be revealed in the form of 
the hexagonal shaped pits after wet chemical etching methods. Plan-view SEM studies are 
performed to study such EPD in the GaN layers. The EPD provides one to one correspon­
dence with the TDs. The size of the pits is also very important in order to identify type 
of the dislocations in the material. The SEM technique is preferred over the fast and non-
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Figure 2.7: Plan-view SEM image of, (a&b) a GaN-NL, after annealing at high temperature, (c) 1 
^m thick GaN layer which is nearly completely coalesced.
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destructive DICM to examine the etched GaN layers because of the higher resolution offered 
by the earlier technique required for the accurate identification of the defects.
Low temperature GaN-NLs grown under different conditions are studied by cross-sectional 
and plan-view SEM. Process parameters such as the temperature and V-III ratio can effect 
the initial island density which is crucial for the subsequent growth of good quality epitaxial 
GaN layers. Study of the GaN-NLs by SEM aided in improving the growth process. In a few 
cases, GaN surfaces are evaporated with a thin gold layer in order to avoid surface charging 
and hence to achieve a better resolution. Different stages of the growing GaN layer are shown 
in Fig.2.7. The GaN-NL after annealing at high temperature is shown in Fig.2.7a. The well 
defined large-sized islands, which have already started to grow together are visible. Figure 
2.7b shows a distinct GaN island of well defined hexagonal shape. A SEM image of a ~  1 
l^m thick epi-layer is shown in Fig.2.7c. The layer is grown for one minute on an annealed 
NL. The layer has a few openings left because of incomplete coalescence before forming a 
continuous layer.
2.4.4 Transmission electron microscopy
In transmission electron microscopy (TEM), electrons emanating from an electron gun are 
focused by means of magnetic lenses onto a sample. The electron beam interacts in a different 
way when comes in contact with a sample (Fig.2.6a). In contrast to SEM, the transmitted 
electrons are studied in TEM. The contrast resulting from the transmitted diffracted beam 
yields an image by advance electronics, which aids in extracting valuable microstructural 
information in different types of samples. The operation of TEM requires a high vacuum of 
~  10-6 torr to ensure a long mean free path of the electron beam. TEM requires extensive 
sample preparation. TEM samples are prepared in the form of thin foils to achieve maximum 
transparency of the electron beam through the sample. TEM offers microstructural study of 
materials like semiconductors with an achievable resolution of 2 A.
In this work, the studied samples are GaN epi-layers of thickness between 50- to 300 |J.m. 
Samples with these thicknesses require extensive sample preparation [17] for TEM studies. 
For this purpose, TEM compatible samples were prepared by ion milling, polishing, and the 
sandwich method [17, 18].
TEM can be used to image a crystal lattice. Crystal lattice imaging reveals defects in the 
form of imperfections in the otherwise perfectly periodic lattice of a crystalline sample. A 
GaN lattice image is shown in Fig.2.8a, where bright spots correspond to the Ga atoms and 
the dark ones to the N atoms. The imperfections (encircled) in the crystal lattice are visible, 
which correspond to dislocations.
Dislocation type defects in GaN layers are also studied by employing scanning TEM (STEM). 
The dislocations with pure screw and edge components can be observed by recording the g[ooo2]
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Figure 2.8: (a) High resolution TEM image taken along the [1 1 2 0] direction. Edge-type dislo­
cations (some are encircled) are visible, (b) STEM-HAADF image take along g[n 20] showing edge 
and mixed-type dislocations. Threading dislocations as well as dislocation loops are visible, (c) 
STEM-EDX image taken away from interface. The Ga gives a high signal. The weak sensitivity of 
this technique for elements with a low atomic numbers resulted in a poor signal of the nitrogen.
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and $[1120] reflections, respectively, in c-plane GaN samples. The mixed-type dislocations 
appear in both crystallographic directions due to their intermediate burger vectors. Fig.2.8b 
shows the edge and mixed-type dislocations in the vicinity of the GaN/Al2O3 interface. TEM 
image is recorded in the g[1120] crystallographic direction by STEM attached to a high annular 
angular dark field detector (HAADF). The dislocations in Fig.2.8b appear as bright lines 
threading into the epi-GaN in arbitrary directions. A few dislocation thread vertically upto 
a certain distance in the GaN layer from the interface, while others appear to suffer bending 
and form dislocation loops. The bright contrast region close to the interface corresponds to 
the GaN-NL. The GaN-NL appears bright because of the the incorporation of impurities and 
the high density of defects which results in a high electrical conductivity. Away from the 
NL, the contrast become less indicating improvement in the quality of the epi-GaN layer in 
terms of defect and impurity concentration.
As said earlier, the electron beam can interact with a certain sample in several ways (Fig.2.6a). 
The TEM setup used in this work is equipped with an energy dispersive X-ray (EDX) analysis 
detector. EDX is a spectroscopic technique which relies on the investigation of a sample 
through interactions between electromagnetic radiation and matter, thus analyzing X-rays 
emitted by the m atter in response to being hit with charged particles. Its characterization 
capabilities are due to the fact that each element has a unique atomic structure allowing 
X-rays that are characteristic of an element’s atomic structure to be identified uniquely. 
TEM-EDX studies are employed in a few cases to understand the chemistry of the grown 
layers and determine the concentration of potential impurities as shown in Fig.2.8c. As can 
be seen, the signal from the Ga metal is high, while a weaker response is visible from the 
N element or other potential impurities. The reason is the experimental limitations of this 
technique, namely, (i) the necessity of employing very small electron probes result into a very 
small excitation volume and hence, low X-ray counts and, (ii) a low-detection sensitivity of 
the technique for elements with a lower atomic number (such as N).
2.4.5 X-ray Diffraction
X-rays were first discovered in 1895 by Wilhelm Rontgen. Since their discovery, X-rays have 
been employed in different applications from scanning a human bone to the evaluation of 
crystal properties. The advantage of XRD is that it does not require sample preparation 
like TEM and allows fast analysis. In this non-destructive method, the crystalline quality of 
a material is studied utilizing Bragg reflections from different crystallographic planes of the 
sample.
Bragg reflections can only be observed, when the diffracted X-rays from the crystallographic 
planes fulfill the following criteria proposed in 1913 by W.L. Bragg.
2d sin 9 =  n \  (2.4)
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Figure 2.9: (a) A general schematic of a XRD setup and, (b) angles defined according to the 
crystallographic planes of the sample, incident, and diffracted X-rays.
where d is the spacing between the crystallographic planes, 9 is the incidence angle of the 
X-ray, n is called the order of diffraction, and A is the wavelength of the X-ray radiation.
A typical X-ray Diffraction (XRD) setup consists of an X-ray tube, primary optics (monochro­
mator and slits), sample holder, secondary optics (slits and crystal analyzer), and a detector. 
In the X-ray tube, X-rays are generated on impact of high speed electrons, emitting from 
a heated filament, on a copper or nickel source. Upon impact, electrons suffer deceleration, 
which results in the generation of X-rays in arbitrary directions. The generation of X-rays 
is not an efficient process and only less than 1 % of the bombarding electron energy is trans­
formed into X-rays, while the majority is converted into heat. For this reason, X-ray tubes 
need to be continuously water cooled. The generated X-rays are focussed on a sample with 
the help of optics. The X-ray beam interacts with the sample and the reflected beam is 
collected by the detector after passing through the secondary optics. The highest resolution 
of less than 12 arcsec is obtained by using a monochromator and a crystal analyzer. The 
setup with such an arrangment is termed high resolution (HR-)XRD.
The XRD method can be employed in several ways to acquire different information from 
the material. In this work, rocking curve (RC) and powder diffraction scans were employed 
to determine the structural quality of the GaN layers. The diffractometer used in these 
measurements was Bruker D8 Discovery, Cu was used as a source for the generation of 
X-rays and the Ka1 line with a wavelength A =  1.54060 A was employed for the XRD 
measurements.
The positions of the sample holder, beam, and the detector are shown in Fig.2.9a and Fig.2.9b. 
In powder scans, both u  (where u=9  in this case) and 29 are swept. This is a long range 
scan and diffraction from different planes is recorded in the form of peaks. This scan is useful 
to obtain information about the different crystalline orientations in polycrystalline samples, 
e.g. cubic (ZB) inclusions in WZ-GaN can be detected by this method. This method is 
only employed briefly in this work as the grown GaN epi-layers are single crystalline with an 
orientation of [0 0 0 1] and polytypic inclusions are not observed.
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Figure 2.10: (a) Symmetric (0 0 0 2) and, (b) asymmetric (10 15) RC scans of 300 thick 
layer grown on sapphire. RCs were recorded with and without a 1.5 mm wide slit. The reflections 
obtained were narrow with the slit, which indicates a good crystalline quality of the material. The 
high curvature of the epi-layers and surface irregularities contribute to peak broadening effect.
In a RC scan, 29 is kept constant and u  is swept over a small range. For the grown WZ-GaN 
layers, symmetric and asymmetric scans were recorded by measuring the reflected intensity 
from the (0 0 0 2) and (10  15) planes, respectively. Certain factors, namely tilt and twist 
mosaicity of the planes, curvature, extended defects, etc., effect the peak width, i.e, full width 
at half maximum (FWHM) values, which have to be taken into account, while studying the 
GaN layers grown on sapphire. The symmetric scans are only sensitive to the twist mosaicity 
and screw-type dislocations, while the asymmetric scans are sensitive to tilt, twist, and all 
types of dislocations. Thus, asymmetric scans are more reliable in judging the quality of the 
GaN layers. Symmetric and asymmetric RC reflections are shown in Fig.2.10a and Fig.2.10b, 
respectively, for a GaN layer grown on a sapphire substrate. The RC scans are recorded with 
and without a 1.5 mm wide slit. The slit is used in order to get true bulk information and 
minimize the effect of the curvature (bowing) of GaN layers induced due to the thermal 
stress. The FWHM values with a slit improved from 280- to 140 arcsec for the (0 0 0 2) scans 
(see Fig.2.10a) and from 156- to 90 arcsec for the (1 0 I 5) (see Fig.2.10b) reflections. The 
low FWHMs of the (0 0 0 2) and (10  15) scans demonstrate that the crystalline quality of 
the GaN layer is good.
2.4.6 Micro Raman Spectroscopy
The Raman effect was first observed by Venkat Raman  in 1928. The Raman effect arises, 
when the photon incident on a crystal is scattered inelastically resulting in a creation or 
annihilation of phonons. The inelastic scattering of the photons results in an excitation of
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Figure 2.11: The three different types of scattering processes are shown as a result of interaction 
of photons with the material. The Rayleigh scattering results in the elastically scattered photon, 
while in the case of Stokes and anti-Stokes processes, the photon scatters inelastically and has a 
Raman shift which is equivalent to - hwsc, where hwp, hwL, and hwsc are the incident,
scattered, and created/annihilated phonon energy, respectively.
certain vibrational modes, which upon relaxation emit scattered photons with an energy 
shift, known as Raman shift. The inelastic scattering usually results in a red shift of the 
photons which is termed as Stoke’s shift. However, when the incident photon interacts with 
a crystalline lattice which is already in an excited vibrational state, inelastically scattered 
photons are blue shifted. Such process is called anti-Stoke’s process. The Stoke’s process is 
mostly studied due to a weak intensity of an anti-Stoke’s process. Schematics of the scattering 
processes are shown in Fig.2.11.
Raman- and micro-Raman (^R am an) spectroscopy have the same working principal, except 
that the laser beam is focused by means of a microscope in the latter technique. |a-Raman 
enables the study of the vibrational properties from a narrow area of the sample. The |a- 
Raman setup employed in this research is equipped with an Argon laser (A =  514.8 nm) as 
an excitation source.
GaN posses a uni-axial crystal system with C 6v symmetry. Different Raman modes can be 
observed by exciting along or perpendicular to the c-axis, [0 0 0 1] direction. The predicted 
optical Raman modes in GaN are Ai(TO), Ei(TO), Ai(LO), Ei(LO), and 2E2 [19]. In our 
setup, measurements can only be performed in the back scattering [z(xx)z] configuration. 
The planar mode E2 and longitudinal optical axial mode A1(LO)are the allowed Raman 
modes in this geometrical configuration. The E2 mode gives information about stress in the 
GaN layers [20], while the A1-LO mode is reported to be sensitive to the carrier concentration
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Figure 2.12: Room temperature |x-Raman spectrum is shown in a back scattering configuration. 
The allowed modes E2 and Ai appear at 569.4- and 740 cm-1, respectively. The thickness of the 
epi-layer was 300 ^m and it was grown on a sapphire substrate.
and gives important information about the doping levels in GaN [21]. The other modes are 
silent in this geometry and can only be observed by changing the measuring configuration. 
The |a-Raman spectrum of HVPE-grown layer recorded at room temperature is shown in 
Fig.2.12. The E 2 mode appears at 569.4 cm-1. In homoepitaxial GaN, this mode is reported 
at 566.2 cm-1  [22], which implies that our sample is under compressive stress. High thermal 
mismatch and growth conditions can be the source of this stress. The A1 mode appears 
at 740 cm-1. The mode is reported to shift to higher energies with the increasing carrier 
concentration. The broad emission from the second order phonon modes is visible between 
1200-1500 cm-1  in Fig.2.12. In samples with carrier or impurity concentrations higher than 
1019 cm-3 , the A1 mode gets coupled with phonon modes appearing at higher wave numbers 
and is termed as longitudinal optical phonon-plasmon coupled modes (LOPC). Thus, the 
presence of LOPC modes in non-doped GaN is an indication of a presence of high impurities 
concentration.
2.4.7 Photolum inescence spectroscopy
When photons of energy higher than the band gap of a semiconductor are made incident 
on it, excess electrons and holes are created, which recombine to produce photon. Emis­
sion of photons of certain energy as a result of such radiative recombinations is known as 
photoluminescence (PL). A PL spectrum gives useful information about the intrinsic band
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gap, defects states, and impurities present in a material. PL is one of the most sophisticated 
techniques for material characterization. It is simple, non-destructive and requires no sample 
preparation.
The luminescence occurs as result of different type of recombinations. In a direct band gap 
material, a direct recombination of the e-h pair gives luminescence. The created e-h pair (as a 
result of laser illumination) are bound together as a pair due to strong Coloumb interactions. 
Such e-h pairs behave as a single quasi-particles and are known as free exciton (FE). There 
are two types of FE, Frenkel excitons in which the interaction between e-h pair is localized on 
one single atom and, Wannier-Mott exciton (WME), where the interaction between the pair 
extends over several atomic spacing within the lattice [23]. In general, FE recombinations 
in GaN are more dominant in low temperature PL spectroscopy, because of the absence of 
thermal recombination processes. The exciton can also be bound to defect states, which act 
as a donor or acceptor in a crystal lattice. The FE transition are thus weaker in a material 
with high doping concentration or defect densities. Thus, the presence of the free exciton 
is an indication of high purity of a material. The FE bound to a defect or dopant state is 
known as bound exciton (BE) and results in emission lines at energies below the ground state 
of the FE.
A PL spectrum recorded at 4K of 50 |am thick GaN epi-layer, grown directly on sapphire by 
HVPE, is shown in Fig.2.13. The layer is n-type with a background donor concentration of 
1017 cm-3 in the low range. The dominating PL line in the bandgap region is a bound exciton 
(BE) line at 3.483 eV, which corresponds to an exciton bounded to a donor impurity. The 
donor BE peak is reported to be a superposition of two overlapping lines related to the two 
most common impurities in HVPE-GaN, i.e. O and Si [24, 25]. O and Si are shallow donors 
in GaN. However, O also acts as an acceptor by forming a complex with the triply charged 
Ga vacancy in n-type GaN material. Si donors are probably unintentionally introduced in 
the grown layers from the quartz parts of the HVPE reactor. The FWHM of the donor 
BE line is 1 meV. The width of the BE peak depicts the local strain fluctuation caused by 
defects within the excitation spot. The energy shift of the donor BE correlates to the biaxial 
strain in the GaN material. In an unstrained material, the BE peak is reported at about 
3.470-3.472 eV [26].
On the high energy side of the donor BE line, we can observe emission from a free exciton 
A (FE-A) at 3.49 eV, while the emission from the B exciton (FE-B) can only be vaguely 
observed at 3.496 eV. The emission from exciton C is not present. The presence of FE peaks 
is a sign of high purity and indicates a good optical quality of our epi-GaN layer. Several 
peaks are visible at the lower energy side of the donor BE transition. A strong line at 3.466 
eV is labeled as an acceptor BE (ABE). The nature of this acceptor is not exactly known. 
It has been attributed to intrinsic defects in a literature [27, 24]. In a detailed study of the 
ABE line by Zauner et al. [27], it was observed that the intensity of the peak decreases in 
GaN epi-layers of higher thicknesses. In their work, SIMS measurements confirmed that the
34
Growth Method and Characterization Techniques 2.4. Characterization Techniques
2.0 2.5 2.95 3.15 3.04 3.24
Energy (eV)
3.44 3 .4 5 3.475 3.5
Figure 2.13: PL spectrum of 22 thick GaN layer at 4K.
impurity concentration remained constant with increasing thickness of GaN layers. Hence, 
it was suggested that the impurities were not the source of the ABE line but the intrinsic 
defects. The decrease of the ABE exciton peak was attributed to the decrease in the DD 
with increasing thickness, which is a well known phenomena in HVPE-grown GaN layers.
The broad yellow luminescence (YL) band appears around 2.0- to 2.5 eV but it is not present 
in our sample, see Fig.2.13a. The origin of yellow luminescence (YL) in GaN is attributed 
to the intrinsic defects like Ga vacancies [28, 29].
2.4.8 Capacitance voltage profiler m easurem ents
The charge carrier density of a layer can be determined by capacitance voltage profiler (CVP) 
measurements. For this technique, a well-defined area of the sample is exposed to an elec­
trolyte in the presence of UV light, which result in a local etching. A bias voltage is applied 
over two electrodes in contact with the In metal spots on the sample surface to form an ohmic 
and a Schottky contact through an electrolyte. The capacitance (Cs) at the bias voltage is 
measured together with the differential capacitance ( ) .  The carrier concentration (n) can
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Figure 2.14: Carrier concentration of GaN layer measured using a CV profiler. 
then be calculated using following relation [30]:
n iqc,A 2 jgf- (2.5)
where q is the charge of an element, es is the dielectric constant of semiconductor material 
and A is the surface area.
In the CVP method, a carrier concentration profiling with respect to the thickness is made, 
which gives the carrier distribution as a function of depth in the sample. In this work, GaN 
samples were measured in order to study the unintentional background doping levels in the 
grown layers. The measured concentration profile of a GaN layer is shown in Fig.2.14.
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Chapter 3
Thick GaN layers grown by HVPE: Influence 
of the tem plates
1 GaN layers of various thicknesses (40-350 y m ) were grown by H V P E  on sapphire substrates 
and MOCVD-grown (G aN /A l 2  O3) templates. The quality of the grown layers on both sub­
strates was studied by using DICM, SEM, y -R a m a n , and H R -X R D  techniques. The H V P E  
layers grown directly on sapphire were crack-free, shiny, and transparent. These layers ex­
hibited a smooth surface morphology, high structural quality, and a low EPD, i.e. 107  cm- 2 . 
The layers grown on the M OCVD-templates were also of high structural quality and exhibited 
good surface morphology, but in few cases suffered from  different degree of cracking due to 
non-uniformity of strain in templates. This hindered the growth of thick layers on these tem ­
plates by HVPE. The average EPD in the H V P E /M O C V D  layers was in the order of middle 
to lower 1 0 8  cm- 2 .
3.1 Introduction
During the past few decades, research has taken a large pace on the GaN technology because 
of its remarkable potentiality for the optoelectronic industry [1, 2]. In spite of the tremendous 
progress made on this material system, still the biggest drawback of the GaN technology is 
the shortage of native substrates. Due to this, inevitably one is forced to employ GaN 
heteroepitaxy, mainly on sapphire or SiC, making the growth of layer stacks of GaN-based 
material for device use on these foreign substrates to be a complicated and time-consuming 
process. Although, there are a few commercial companies which are able to supply GaN 
substrates prepared either by HVPE [3, 4, 5] or by ammonothermal methods [6 , 7], the urge 
still exists for further research in GaN substrate manufacturing.
One of the possible route towards GaN substrates is the growth of thick GaN layers on hetero­
substrates like sapphire and successively the removal of the substrate. The FS-GaN layers are 
used as quasi-substrates for device applications and for the growth of GaN boules. HVPE is 
considered to be an effective technique for heteroepitaxial growth of thick GaN layers mainly 
because of its high growth rate [8, 9]. In addition, the HVPE technique allows the growth of
1Published in J. Cryst. Growth 310, 3957 (2008).
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large size [5] thick wafers due to the stable crystallization of GaN by this method [10]. HVPE 
has matured to a great degree in the last few years but still there are certain issues which 
are hindrance in completely commercializing HVPE-grown GaN substrates. These issues are 
mainly the high dislocation density, large curvature, and cracking of the HVPE-grown GaN 
layers. The use of a foreign substrate is mainly responsible for these issues because of large 
lattice and thermal mismatch to GaN [11].
The purpose of this paper was to develop a optimized growth process in a newly built HVPE 
reactor experimentally and study the effect of a MOCVD-grown templates and sapphire 
substrate in terms of high quality and crack-free growth of the thicker GaN layers. The 
GaN-templates were grown by the GTS-MOCVD process [12], where GTS stands for Ga 
treatment step. GTS templates were reported to be compressively strained at room tem­
perature previously by our group [12, 13] and had allowed to grow crack-free thick layers in 
other HVPE reactor [13].
The influence of the different substrates on the properties of thick GaN layers has been 
studied before. M onemar et al. [11] announced that the TD density in GaN layers does 
not depend on the starting template and that the crack formation in the GaN layers can be 
attributed to the growth conditions. In another publication, Richter et al. [14] have reported 
that cracking of the layers is more pronounced when growing directly on sapphire substrate 
than on MOCVD-templates. Napierala et al. [15] showed that the crack formation in the 
HVPE layers is influenced by the MOCVD-grown GaN-NL in correlation with the stress 
presented in the templates and can be managed by controlling the initial density of islands.
In this paper, we shall present our results of the growth of thick HVPE GaN layers on 
sapphire and MOCVD-templates. The quality of the layers grown on these templates will 
be analyzed and compared using characterization techniques. From this study, the influence 
of the different substrates on the properties of the thick GaN layers will be clear. This will 
result in some considerations about the origin of defects, stress, and crack formation in the 
thick layers and methods to avoid them.
3.2 E xperim ental details
3.2.1 Equipment
MOCVD-templates were grown in a home-built, RF-heated, and low-pressure reactor with 
a horizontal configuration with trimethyl-gallium (TMGa) and NH3 as precursor gases. A 
detailed description of the reactor can be found in Refs. [12, 16].
HVPE-GaN layers were grown on MOCVD and sapphire substrates in a new home-built,
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Figure 3.1: Schematic representation of the DGS (Direct growth on sapphire) process.
advanced, PLC-controlled, horizontal HVPE reactor. The reactor description can be found 
in detail in Chap.2. Briefly, the reactor is capable of depositing on 2- as well as on 4 inch 
wafers placed on a rotating susceptor. The reactor is heated by a conventional resistive 
furnace which is moveable, thus allows fast ramping of the reactor temperature. The carrier 
flows can be switched between H2, N2, and mixture of both gases. The growth is performed by 
bubbling a HCl gas flow over a Ga melt, which results in the formation of gaseous GaCl. The 
GaCl flow makes it way through the nozzle (outlet) towards the sample, where it reacts with 
NH3 to form GaN. The Ga boats are placed in the zone maintained always at a temperature 
of 1000 °C to ensure maximum reactivity of the Ga melt with the gaseous HCl flow. The 
susceptor is placed in the zone that can be maintained at different temperatures from 200- to 
1100 °C during a growth process. The actual growth temperature of the sample is measured 
by a thermocouple placed in the susceptor.
3.2.2 M ethods to  prepare substrates for H VPE
The quality of the substrate is crucial for the final quality of the grown material. Several sub­
strates are studied for heteroepitaxial growth of GaN by HVPE. In this paper, the substrates 
employed for this purpose were MOCVD-templates and sapphire wafers. The methods to 
prepare these templates and to grow on these templates by HVPE are discussed below.
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(a)
Figure 3.2: Digital images of, (a) HVPE/DGS (315 ^m thick) and, (b) HVPE/GTS (100 ^m thick) 
epi-layers. No cracks are visible either in sapphire or in the GaN layers.
D G S tem p la te s
The process of direct growth on sapphire (DGS) substrates involved two main steps, i.e., the 
deposition of a NL at low temperature and pressure, which was followed by the growth of an 
epi-layer at higher temperature and pressure. Before the deposition of the NL, the sapphire 
substrate was nitridated for 10 minutes at a temperature of 1050 °C. The GaN-NL was then 
deposited on the nitrided sapphire at a temperature of 600 °C and at a pressure of 200 mbar 
for 3 minutes with a V /III ratio of 100. After the deposition of the NL, the reactor was 
heated up to growth temperatures in the presence of NH3 and finally growth of the GaN 
layer was carried out at a pressure of 970 mbar and a temperature of 1080 °C. During the 
deposition of the GaN epi-layer, the V /III ratio was adjusted from 30 to 85 by varying the 
HCl flows and keeping the NH3 flow constant. The carrier gas used in the process was H2. 
The sapphire substrates used for the DGS method were 2 inch (in diameter) wafers with a
0.3° mis-orientation towards a-plane. The DGS process is shown schematically in Fig.3.1. 
The properties of the HVPE layers deposited by DGS method are presented in Sect.3.3.1 and 
are discussed in detail in Sect.3.4.
G T S -M O C V D -tem p la tes
The GTS-MOCVD method [12, 13] is a modified form of our standard MOCVD process [16]. 
In this method, after performing the cleaning and nitridation steps at high temperature in 
H2 ambient, sapphire substrate was exposed to a TMGa flow for 40 minutes at a temperature 
of 1170 °C. After the GTS step, sapphire was annealed in an NH3 atmosphere (no TMGa
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present) for 2 minutes. The process was finished with the deposition of a GaN epi-layer for 
3.30 minutes by admitting both NH3 and TMGa flows. The growth initially starts in the 3D 
mode and slowly switches to the 2D mode [12]. The thickness of the GaN layer grown by 
this method was 30- to 40 nm. GTS-MOCVD-templates were deposited on 2 inch, c-plane 
sapphire wafers with a mis-orientation of 0.3° towards a-plane. The results of HVPE growth 
on GTS templates are presented in Sect.3.3.2 and discussed in detail in comparison with 
HVPE/DGS layers in Sect.3.4.
GaN epi-layer layers were deposited on the GTS-MOCVD-templates under similar conditions 
as in the case of the epitaxial step in the DGS method. The process was started by heating 
up the reactor to the growth temperature in the presence of NH3 to avoid decomposition of 
the (thin) GaN layer of the GTS-template and the cleaning, nitridation, and the nucleation 
step was completely eliminated as was not required in the case of growth on GTS templates.
3.2.3 Characterization techniques
Layers of different thicknesses ranging from 40 to 350 |am were grown on the above-described 
templates by HVPE in single growth runs and were studied using different characterization 
techniques. The surface morphology of the samples was examined with DICM. The surface 
roughness of the GaN layers was measured by using an optical interferometer. The strain in 
the layers was studied by performing room temperature |a-Raman measurements. HR-XRD 
RC (w-scans) were measured for the symmetric (0 0 0 2) and asymmetric (1 0 I 5) reflections. 
RC-scans were also performed with a narrow slit of 0.5 mm diameter to reduce the effect 
of sample bowing on the measurements. To reveal the EPD, as-grown samples were cleaved 
in small pieces and were etched in a eutectic solution of KOH-NaOH at 450 °C for 2 to 3 
minutes [17, 18] before examination by SEM.
3.3 R esu lts
3.3.1 H V P E /D G S  epi-layers
GaN layers of thickness from 40 to 350 |am were grown by the DGS method on sapphire 
substrates with growth rates ranging between 40 and 200 |J.m h-1. The grown layers were 
crack-free, shiny, and transparent; an example of a 2 inch HVPE/DGS layer is shown in 
Fig.3.2a.
The DGS process was repeated numerous times and found to be highly reproducible in terms 
of growing crack-free layers of thicknesses up to 350 ^m. The optimization of the GaN-NL 
step played an important role in obtaining crack-free GaN layers. Different deposition time 
and V /III ratios were studied and the NL deposited for 3 minutes at a temperature of 600
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°C with a V /III ratio of 100 was found to be best in order to grow crack-free and thicker 
GaN layers of good surface morphologies.
The surface roughness of the HVPE/DGS layers was measured with an optical interferometer 
over a scan area of 1.24x0.94 mm2. The average root-mean-square (RMS) values of surface 
roughness were in range from 5- to 150 nm. The surface morphology of the HVPE/DGS 
layers studied by optical microscopy was reasonably smooth with a low density of micro-pits 
and growth hillocks. The DICM optical micro-graph of one of the as-grown layers are shown 
in Fig.3.3a. The layer has no visible cracks, while the macro-steps are observable. Smooth 
surface morphologies with minimum surface roughness are desired as it makes polishing of 
these layers easier without sacrificing much of the thickness.
Eutectic etching of the samples revealed that the HVPE/DGS layers were Ga-polar. In order 
to count the EPD, the etched layers were examined by SEM. The average EPD determined 
was in the order of low to middle 107 cm2. The SEM image of one of the HVPE/DGS layers 
is shown in Fig.3.4a.
Room temperature, |a-Raman studies were performed in order to study the strain in the 
layers. The back scattering configuration has been measured with the horizontal polarization 
of the incident and scattered light, i.e. z(xx)l, where z direction is parallel to the c-axis 
in this measurement geometry. E2 and A1 (LO) phonon frequency modes are strong in this 
configuration [19]. The E2 mode is discussed here as it is reported to be sensitive only to 
biaxial strain [20] and is not affected by the carrier concentration because of its transverse 
optical character. Hence, the Raman shift of the E2 mode supply information about the 
amount of stress in the material while its FWHMs indicate the structural quality of the GaN 
[19].
For bulk, stress-free, GaN material, the Raman shift of the E2 modes is reported at 566.2 
cm-1  [20, 21]. The Raman shift of the E2 mode in our 70 |am HVPE/DGS GaN layers is 
569.4 cm-1  with a FWHM of 3 cm-1 , see Fig.3.5. The low FWHM value of E2 mode indicates 
high structural quality of the epi-layers [19]. The E2 mode in our HVPE/DGS sample has 
a shift of 3.2 cm-1  with respect to this mode position in the stress-free GaN. Blue-shift of 
the E2 mode in our case implies presence of biaxial stress in the grown HVPE/DGS GaN 
layers. C. Kisielowski et al. [19] reported that the biaxial stress of 1 GPa shifts the E2 mode 
by 4.270 cm-1 . This implies that the compressive stress in the HVPE/DGS layer is under 1 
GPa.
Symmetric (0 0 0 2) and asymmetric (10  15) RCs are shown in Fig.3.6a and Fig.3.6b for 
the selected HVPE/DGS and HVPE/GTS samples of equal thickness (70 |^m), respectively. 
For HVPE/DGS samples, the FWHM values of (0 0 0 2) and (1 0 I 5) reflections are 187 
and 91 arcsec with a slit-assisted measurements, and without slit were 302 and 203 arcsec, 
respectively. The low FWHMs depict high structural quality of the layers with minimum
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Figure 3.3: DIC-optical images of the as grown, (a) HVPE/DGS and (b) HVPE/GTS epi-layers. 
The surface morphology is smooth with absence of pits and hillocks like features in both samples 
of th ickness 70 ^m.
twist and tilt mosaicity.
3.3.2 H V P E /G T S-M O C V D  epi-layers
GaN layers grown on the GTS-MOCVD-templates ranged in thickness between 50- to 300 
(j.m. One of the layers (100 thick) grown on such template is shown in Fig.3 .2b. The layer 
appears to be shiny and transparent. The layers deposited on GTS-templates showed excel­
lent smooth morphologies with the absence of growth hillocks and micro-pits, see Fig.3.3b.
The surface roughness measured by the optical interferometer was in the range of 140 to 
350 nm for layers ranging in thickness 50- to 300 (xm. The cracking in the HVPE layers 
was reduced significantly by using templates grown by the GTS method as compared to 
our standard MOCVD process [16]. The GTS method allows growing templates which are 
compressively strained at room temperature and are stress-free at the growth temperature 
[12, 13]. However, the strain in these templates may vary from run to run and this led to 
crack formation in the subsequently deposited HVPE layers in a few cases.
HVPE/GTS layers were found to be Ga-polar. The eutectically-etched samples of different 
thickness were employed for SEM examination and EPD was in order of 108 cm-2 in the 
HVPE/GTS layers, see Fig.3.4b. The EPD in the MOCVD-templates was in the order of ~  
1.3x109 cm-2 [12]. The one order low EPD in the HVPE layer grown on GTS templates is 
a clear improvement and indicates good optimization of our HVPE process.
Selected jx-Raman spectrum of the as-grown HVPE/GTS (70 ^m) sample is shown in Fig.3.5. 
The measurement were performed under same conditions as described earlier for HVPE/DGS
45
3.4. Discussion Influence of the templates
Figure 3.4: After eutectic etching, plan-view SEM images of, (a) HVPE/DGS epi-layer. The 
average EPD counted is 2x107 cm-2, (b) HVPE/GTS sample. The EPD density counted was 
2x108 cm-2. Both layers have thickness of 70 |o.m.
epi-layers. The E2 mode is present at 569.2 cm-1  (Fig.3.5) which is indicative of compressive 
stress of below 1 GPa [19] in the HVPE/GTS layers. The FWHM value ranged roughly 
between 4- to 7 cm-1. Narrow FWHM values point towards high structural quality of the 
grown layers.
Symmetric (0 0 0 2) and asymmetric (10  15) reflections of the HVPE/GTS GaN wafer are 
shown in Fig.3.6. The FWHM values for the symmetric and asymmetric reflections measured 
with a slit are 236 and 126 arcsec, while without using slits, the FWHM values raised to 298 
and 203 arcsec for (0 0 0 2) and ( 1 0  15) RCs, respectively.
3.4 D iscussion
Comparison of H V P E /D G S  and H V P E /G T S  layers
The growth of HVPE layers on both types of the substrates was repeated numerous times 
to study the crack appearance in the HVPE layers. Considering the large difference in the 
thermal expansion coefficients between GaN and sapphire, it is important that the starting 
GaN-template or the GaN-NL (DGS process) is compressively strained at the room temper­
ature to be almost stress-free at the growth temperature [13]. In case of the GTS-templates, 
it is also important that the growth mode in HVPE is the same as in the MOCVD process 
in order to prevent the renewed introduction of stress during growth [13]. The growth of 
thick crack-free layers and reduction of DD (from 109 cm-2 in GTS-templates to 108 cm-2 in
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HVPE layers) on the GTS templates is an indication of similar growth modes in both HVPE 
and MOCVD processes.
Though the cracking was greatly reduced while growing thick HVPE layers (50 to 300 |xm) by 
using the GTS templates, it could not be completely eliminated due to now and then occur­
rence of run-to-run strain variation in these templates. However in case of the DGS method, 
the crack appearance completely disappeared in grown HVPE layers of such thicknesses. 
Hence, we can conclude here that while growing thick HVPE layers, the cracking effect was 
larger on the GTS templates when compared with the HVPE layers grown directly on the 
sapphire substrates. In work of Napierala et al., the crack formation in the subsequently 
overgrow GaN layer was correlated to the stress present in the MOCVD-templates.
HVPE layers of equal thicknesses grown on both type of substrate are compared in order to 
study the layer morphology. In both cases, layer morphology was smooth with absence of 
micro-pits and cracks. In addition, the well known large growth hillocks in HVPE processes 
were almost completely absent. The slight mis-orientation, i.e., 0.3° of c-plane sapphire 
wafers was responsible for the absence of the hillocks like features in the GaN layers [21]. 
Flowing line features are visible in the optical micro-graphs, see Fig.3.3a and Fig.3.3b, which 
are, to our opinion, macro-steps. Surface roughness improved in case of HVPE/DGS layers, 
when compared with HVPE/GTS layers of equal thicknesses.
The |x-Raman spectra of HVPE layers of equal thicknesses grown on both type of substrates 
are shown in Fig.3.5. Additionally, the Raman shift of the E2 mode for HVPE/DGS and 
HVPE/GTS samples of different thicknesses is shown in Fig.3.7. From Fig.3.5 and Fig.3.7, 
it is clear that these samples (HVPE/DGS and HVPE/GTS) of different thickness are under 
biaxial compressive stress, of less than 1 GPa [19] in all cases.
If we look at Fig.3.7, we can see that with increasing thickness of the GaN layers, the E2 
mode is shifting towards the lower wave numbers. This indicates that the layers are more 
relaxed in terms of strain with increasing thickness. The relaxation mechanism in these 
layers is discussed in detail in chap.6 . Briefly, crossectional-SEM as in Fig.3.8 showed a 
presence of pseudo-interface in the GaN layer at a distant of approximately 40 |xm from 
the GaN/Al2O3 in HVPE/DGS samples. In our opinion, GaN layer was growing under high 
stress. The magnitude of the stress at ~  40 |J.m reaches to its maximum and it is energetically 
more favorable for a growing system to switch to a different growth mode. Detail studies 
(presented in Chap.6) have shown that the growth starts again in 3D mode at this point 
with the formation of GaN islands. The formation of islands is indicative of high stress in 
the growing GaN layer. Later, the formed islands coalesce to form a 2D continuous layer 
under high deposition rate. The pin-holes were observed between the boundaries of coalesced 
islands. Due to the presence of high stress and high deposition rate in the process, it was 
more favorable for coalescing islands to overgrow these pin-holes. The formation of pinhole 
resulted in growth of the subsequent layer under reduced stress. This explains the reduced
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Figure 3.5: Micro-Raman (^-Raman) spectra of HVPE/GTS and HVPE/DGS layers of equal 
thicknesses (70 nm).
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Figure 3.6: Slit-assisted RC-XRD reflections are shown for, (a) symmetric (0 0 0 2) and, (b) 
assymetric (10 15) peaks for HVPE/GTS and HVPE/DGS epi-layer of equal thicknesses (70 nm).
stress in HVPE/DGS samples, with increasing thickness, see Fig.3.7.
In case of HVPE/GTS sample, no such pseudo-interface were observed. This is because, these 
templates are compressively strained at room temperature and result in stress-free growth at 
higher temperature.
Low FWHM values of the E2 mode in both cases indicate high structural quality of the 
HVPE-grown layers. The FWHM values for HVPE/DGS layers were slightly lower than 
the HVPE/GTS layers, which indicate even better structural quality of HVPE layers while 
growing directly on sapphire substrates.
We also would like to comment about our HVPE GaN layers of thickness ~  400 |xm grown 
directly on sapphire substrates. The layers of such thicknesses did not crack severely, but 
instead delaminated from the sapphire substrate at some areas of the wafers during cooling 
dow n of the process. The delamination of layers of comparable thickness as of substrate, 
i.e. 330 |i.m, is because of high thermal stress built in between GaN layer and the sapphire 
substrate. At such thicknesses of HVPE layer, the stress is not compensated by bowing of 
wafer but by fracture of the sapphire substrate [15]. Eventually the fracture of sapphire 
causes the fracture of GaN layer as well. We speculate that the growth of thicker layer would 
result in the separation of crack-free GaN layer with cracking of sapphire only.
The next property, which has been studied and compared for samples of equal thickness was 
the DD. The average EPD reduced by one order of magnitude in case of HVPE/DGS layers,
i.e. 107 cm-2 , when compared with the HVPE/GTS layers, an improvement while growing 
directly on sapphire. Growth conditions especially during the deposition of the GaN-NL are 
important in obtaining crack-free layers with a reduced density of dislocations. The low DD 
and high critical thickness of the layers is connected to the low island density. The low island
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Figure 3.7: Raman shift of the E2 mode at room temperature corresponding to different thicknesses 
of HVPE layers grown on the sapphire and the GTS templates.
density can be achieved by lowering the V /III ratio in the process [15]. The crack-free thick 
GaN layers on MOCVD-templates with small DD density using low V /III ratio are reported 
by Napierala et al. [15]. The smaller density of the islands enhances the nano-epitaxial lateral 
over-growth mechanism [15]. Furthermore, a low island density also reduces the generation 
of new dislocations during the island coalescence [15, 22]. Low DD in HVPE/DGS layers 
indicate that our process parameters were optimized in a good manner. In case of growing 
on GTS templates, DD was one order higher. This is because of high order of dislocations 
present in the MOCVD-templates, i.e., ~  1.3x109 cm-2 [12].
To make a good comparison between the layers grown directly on sapphire and GTS tem­
plates, the (0 0 0 2) and (1 0 I 5) reflections with slit for the two samples of almost equal 
thickness are shown in Fig.3.6. The FWHM values are reduced, when the symmetric and 
asymmetric reflections are recorded employing a slit. The purpose of using a narrow slit was 
to study the structural quality of the HVPE layers by eliminating the effect of curvature. 
The low FWHM values indicate high crystalline quality of the HVPE layers grown on both 
type of substrate. If we compare the FWHM values of the (0 0 0 2) and (10 15) reflections 
(with slit) (presented in Sections 3.3.1 and 3.3.2) for HVPE/DGS and HVPE/GTS samples, 
they are improved in the case of HVPE/DGS layers, which implies that the quality of the 
HVPE layers is improved on the sapphire substrates.
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Figure 3.8: The pseudo-interface is visible in the GaN layer (pointed by an arrow). The crack-free 
layer had thickness of 170 ^m and was grown by the DGS method.
The overall quality of the HVPE-DGS layers was improved and better than the HVPE layer 
grown on the GTS templates. Additionally the reproducibility of the DGS process was high. 
This DGS process also offer advantages such as lower costs, reduced growth times, and also 
makes HVPE process independent by eliminating the MOCVD-templates.
3.5 C onclusions
We have presented the results of the HVPE layers grown directly on sapphire and GTS- 
MOCVD-templates. The layers grown on these two types of templates did not differ signifi­
cantly in the surface morphology and the structural quality. They appeared to be mirror like, 
transparent, and shiny. However, the layers grown on the MOCVD-templates suffered from 
different degree of cracking due to non-homogeneity of strain in the templates in few cases. It 
has been shown that cracking in the HVPE/DGS layers was completely absent and the DGS 
process was also highly reproducible in terms of obtaining crack-free, high-quality HVPE 
layers. The EPD found to be one order lower in case of layers grown directly on the sapphire 
substrate, i.e. 107 cm-2. |j.-Raman spectroscopy data confirmed the biaxial compressive 
strain in the HVPE layers grown on the sapphire and GTS-templates. We observed the re­
laxation of the strain in the grown HVPE layers with increasing thickness, which is attributed 
to the formation of pseudo-interface as a result of change in growth modes. In addition, the
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successful optimization of the DGS method has made the HVPE process independent and 
has made it more attractive from the economical point of view.
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Chapter 4
R eduction of a dislocation density in epitax­
ial GaN layers by overgrowth of defect-related  
etch pits
1 GaN-templates grown by the M O C V D  method were etched in a defect-selective molten salts 
eutectic and were subsequently overgrown by a G aN layer using the H V P E  method. Optimized 
conditions of etching and of H V P E  growth processes resulted in a significant reduction of the 
DD. Local areas virtually free of dislocations were obtained on ~  50% of the surface, while 
the average DD was reduced from  3 x 1 0  cm - 2  in the template to about 2 x 1 0 7  cm - 2  in the 
HVPE-grown G aN layer. A  model has been developed to explain the mechanism of reduction 
of the DD during the overgrowth process. The model was confirmed by the photo-etching of 
cleaved layers.
4.1 Introduction
Production of large area GaN substrates with low DD is still a challenging issue. The lack 
of large size single crystals enforces GaN heteroepitaxy. Low price and easy availability 
make sapphire one of the best substrates for GaN-heteroepitaxy. In addition, GaN epitaxy 
on sapphire is quite matured and the material quality is comparable to that obtained on 
other substrates such as silicon carbide (SiC), silicon (Si), etc [1]. Large thermal and lattice 
mismatch lead, however, to various problems, one of which is high DD, i.e. of the order of 
108-1010cm-2 in the GaN layers which is not acceptable for optoelectronic devices.
Several methods have been devised to improve the quality of MOCVD-growth of GaN mate­
rial with respect to the high DD, e.g. insertion of a SiN layer [2], optimization of aluminium 
nitride (AlN) nucleation layer [3], interrupted growth with annealing step in silane [4], depo­
sition of second phase nano-islands [5], growth on nanoporous GaN-templates [6], epitaxial 
lateral overgrowth (ELOG) and its modifications [7-11]. However, these methods are compli­
cated and time consuming, and usually only a small area of high quality material is available 
to fabricate devices.
1Published in Appl. Phys. Letts. 95, 031913 (2009).
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In this communication, we report a simple method to achieve reduced DD in GaN layers grown 
by HVPE. The main step in achieving this goal is to use DSE of MOCVD or HVPE-grown 
templates to produce etch pits, which can be subsequently overgrown without continuation of 
the line defects into the homoepitaxial GaN layer. The quality of templates and the etching 
conditions required for obtaining reduced DD are discussed.
4.2 E xperim ental
MOCVD-grown samples obtained from commercial vendors and from scientific laboratories 
were etched in a eutectic (E) of NaOH and KOH at 400- to 450 °C for several minutes 
[12, 13]. The EPD in these templates was 3x109 cm-2 as calculated from SEM images. 
Etched templates were cleaned ultrasonically in hot HCl, water and iso-propanol to remove 
remaining etching products and dirt particles. GaN layers of thickness 15-20 |xm were grown 
at a growth rate of 100 |i.m h -1  on the etched templates in a home-built horizontal HVPE 
reactor [14]. The precursors for the growth process were NH3 and GaCl. In order to avoid 
decomposition of the GaN-templates, NH3 was introduced into the reactor at 400 °C. The 
growth was performed under optimized conditions to achieve a high lateral growth rate. A 
high lateral growth was achieved by optimizing the V /III ratio (83), the pressure (950 mbar) 
and temperature (as high as 1070 °C).
After the HVPE growth of 15-20 |xm thick epi-layers, the samples were again subjected 
to molten E etching in optimal conditions for revealing the density, type, and distribution 
of dislocations. Some samples were cleaved in order to examine the interface between the 
template and the HVPE-grown layer. The as-cleaved and photo-etched [12] cross sections 
and the growth surfaces were examined using DICM and SEM.
4.3 R esu lts and D iscussion
From the previous detailed studies of selective etching of GaN in molten salts [12, 13], it 
follows that orthodox etching allows us to distinguish edge, mixed and screw-type dislocations 
from the different sizes of pits. Several overgrowth experiments on various types of substrates 
has led to the conclusion that the reduction of DD can be obtained only on templates with 
a relatively large number of dislocations with screw components. However, the standard 
etching procedure in molten E on these templates which is used for revealing and counting 
DD, yielded minor and only local decrease of dislocation density in the HVPE-grown layer. 
This effect is shown in Fig.4.1: the overall EPD is similar in the template (Fig.4.1a) and in 
the subsequently overgrown HVPE layer (Fig.4.1c), with the exception of some local spots 
with markedly lower EPD (Figs.4.1b-c). Within the spots no large etch pits are observable, 
indicating the absence of dislocations with a screw component and the density of small pits
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Figure 4.1: DICM optical images of (a) MOCVD-grown template after eutectic etching (note 
uniform distribution of large and small, background pits), (b) the same sample after HVPE growth 
of 20 ^m thick GaN layer and eutectic etching (this low magnification image demonstrates uniform 
overall distribution of pits with the exception of local spot marked by the frame), (c) fragment of 
image from (b), (d) MOCVD-grown template (sample cleaved from the same wafer as that shown 
in (a)) after prolonged eutectic etching, (e) the same sample after HVPE growth of 20 ^m thick 
GaN layer and standard eutectic etching.
is also slightly diminished. This observation lead us to the conclusion that mainly large etch 
pits formed on screw-type dislocations are actually overgrown without continuation of the 
underlying dislocations. Thus, the subsequent overgrowth experiment were performed on a 
few samples, which contained a large number of screw-type defects and were over-etched to 
produce very large and deep pits (Fig.4.1d). The yielded GaN layer had markedly reduced 
dislocation density, as demonstrated in Fig.4.1e. Over the whole sample surface, there are 
areas virtually free of dislocations (~  50% of the surface) surrounded by a cellular network 
of material containing about 8 x10s cm-2 EPD. The average density of dislocations is about 
2x107 cm-2 , i.e. two orders of magnitude lower than in the MOCVD template.
On the basis of the experimental results, a model was developed (see Fig.4.2), to explain 
the mechanism of the observed reduction of dislocation density during the HVPE growth of
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Figure 4.2: Schematic drawing of steps involved in the process of reduction of dislocation density: a) 
MOCVD GaN-template (E-edge dislocations, S-screw/mixed-type dislocations), b) template after 
deep etching in molten salts, c) structure of the top HVPE-grown GaN layer: overgrown, i.e. empty 
large etch pits (O) are the reason of reduction of dislocation density.
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Figure 4.3: SEM images of as-cleaved (a-c) and photo-etched (d) sample after overgrowth. The 
dashed line in (a) indicates the position of interface between MOCVD-template and HVPE-grown 
layer. In (d) photo-etching revealed exact interface between MOCVD- and HVPE-grown GaN 
layers.
GaN layer on etched GaN-template. As in most GaN layers, both dislocations with edge (E) 
and screw (S) components of Burgers vector were present in the GaN-templates (Fig.4.1d). 
Deep etching in molten E results in the formation of very large and deep etch pits on screw- 
type dislocations (with side walls of pits inclined 30° to 60°), while small and shallow pits 
(with side walls inclined 10° to 25°, after [13]) are formed on edge-type dislocations, compare 
Fig.4.1d and Fig.4.2b. During etching, these large pits swept small pits formed on edge-type 
dislocations situated in the vicinity of them (see Fig.4.2b). During subsequent growth on the 
etched template, the largest pits were overgrown without complete filling and the underlying 
dislocations do not thread into the new GaN layer, while shallow etch pits formed on the 
edge-type dislocations are filled and the dislocations continue into the GaN layer (Fig.4.2c).
In order to confirm the devised model, several cleaved sample were examined. Characteristic
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images of overgrown (empty) pits are shown in Fig.4.3. It is worth noting that these large 
pits are partially filled with GaN during HVPE growth. From SEM images and contrast 
analysis, the position of the interface between the MOCVD and HVPE-grown material could 
be established and is marked by a dashed line in Fig.4.3a. Clearly, the top parts of the 
pits are filled with the HVPE-grown GaN, but the bottom of the pits remains empty, which 
prevents threading of the underlying dislocations into the HVPE-grown material. It can be 
assumed that the same holds for the edge dislocations, which terminate at the sides of large 
pits. The inclination angle of the side walls is in the limits defined previously [13], but can 
be measured exactly only on some pits, in which the cleavage plane is by coincidence exactly 
in the center (see e.g. the pit in Fig.4.3c: the inclination of the side walls is close to 60°). As 
a rule, the pits with larger inclination angle of the side walls are overgrown and have empty 
bottom parts. This leads to the conclusion that both a large size (especially depth) and the 
geometry of the pits on screw-type dislocations are crucial for effective reduction of DD in 
the second GaN layer.
Photo-etching of the cleavage plane of sample after HVPE growth provided final confirmation 
of the model discussed above. Fig.4.3d shows one shallower etch pit completely filled and 
two deeper pits partially filled during HVPE growth, but with empty bottom parts. From 
this image it can be suggested that the pits should be at least 1.5 micron deep in order to be 
overgrown, to prevent threading of the dislocations from the template into the HVPE GaN 
layer.
It has to be mentioned here, that DSE before homoepitaxy was previously used to eliminate 
defects in other materials, e.g. basal plane dislocations (BPDs) in SiC [15]. In this case, how­
ever, the detrimental for PIN diodes BPDs were converted into threading edge dislocations 
and, as opposed to our overgrowth method, the overall dislocation density was not changed. 
The underlying mechanism to this concept relied on the gain of energy of dislocations, while 
the pits constituted the privileged sites for conversion of dislocation type and were filled 
during epitaxy.
4.4 C onclusions
In conclusion, reduction of dislocation density during HVPE growth of GaN on high disloca­
tion density MOCVD template can be ensured when:
• there is a high density of screw-type dislocations in the template;
• defect-selective etching results in formation of large and deep pits, preferably with as 
large as possible inclination angle of the sidewalls;
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• the GaN layer of the template is thick enough (at least 3 microns) in order to ensure 
deep pits on screw-type dislocations.
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Chapter 5
R eduction of the dislocation density in H VPE- 
grown GaN epi-layers by an in situ  S iN x treat­
ment
1 A new method has been approached to reduce the DD in HVPE-grown GaN epi-layers. By  
this method, state of the art quality, GaN layers were grown on sapphire substrates with an in 
situ treatment of SiNx in the H V P E  process. It was found that the in situ treatment worked 
most effectively, when introduced after the deposition of the GaN-NL. Amorphous SiNx served 
as a mask allowing only selective growth of GaN seeds as confirmed by S E M  analysis and thus 
a reduction of the DD (down to 1C6 cm-2) with one order of magnitude lower compared to the 
standard samples (grown without the SiNx treatment) was obtained. T E M  studies revealed 
that dislocations with a mixed (both screw and edge component) character mostly thread into 
the GaN layer. Low temperature PL showed good optical quality of the layers grown with 
optimal position of SiNx treatment.
5.1 Introduction
Gallium nitride (GaN) is a III-V semiconductor, which holds a great potential for opto­
electronic devices [1]. The performance of devices strongly depends upon the quality of the 
material. In case of GaN, growth on foreign substrates due to the commercial non-availability 
of native substrates introduces different types of defects, which deteriorates the life time and 
performance of devices. The non-availability of GaN substrates forced the research into het- 
eroepitaxial growth on substrates like sapphire and SiC. This resulted in different techniques 
to improve the quality of hetero-epitaxially grown GaN material. An essential step is, for 
example, the introduction of a low temperature NL of AlN [2] and GaN [3], which greatly 
improved the quality of epitaxial layers deposited on sapphire.
Control of the nucleation in the initial stages of the growth especially the density of nuclei 
helps in producing material with a low density of TDs as misfit (MF) type DD will be 
suppressed. One way of controlling the density of GaN nuclei in MOCVD technique is
1Published in J. Cryst. Growth 312, 595 (2009).
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provided by the control of composition of the carrier gas [4, 5]. The ex situ masking of 
substrates with dielectric materials in specific geometries that allows nucleation only on non­
masked areas is also a suitable technique in this regard [6 , 7].
In this method, the nucleated seeds grow into islands, which coalesce locally and grow verti­
cally within the masked openings initially and later overgrow the masked material to form a 
continuous epitaxial layer under specific growth conditions [6 , 7].
This is in contrast to the nucleation on non-masked substrates, where nucleated seeds ran­
domly grow into islands, which undergo fast coalescence and rapidly form a continuous layer. 
Thus, many dislocations originated at the transition region between low temperature NL and 
high temperature epi-layer propagate into the subsequently deposited GaN material.
The in situ treatment of SiNx is reported to be effective in reducing the dislocation density 
by promoting selective nucleation and a 3D growth mode in the initial stages of the growth 
[8-10]. In this method the sapphire is exposed to a simultaneous flow of SiH4 and NH3, 
which results in the formation of a thin amorphous SiNx layer. This layer being amorphous 
in nature acts as a nano-mask and promotes localized/selective nucleation of GaN seeds. 
Thus in this method, masking of the substrate is achieved just by the in situ SiNx treatment.
The GaN-NL grown on the SiNx treated sapphire (in MOCVD process) is reported to consist 
of a reduced number of a well defined 3D large-sized islands instead of a flat layer like GaN- 
NL containing large number of tiny crystallites, which cover the whole substrate (in case of 
no pre-treatment) [1, 8]. The achievement of selective growth just by in situ treatment makes 
this method attractive in terms of its simplicity and low costs.
This SiNx treatment of the epi-layer in order to achieve high quality material with a reduced 
DD has been extensively studied in the deposition of GaN with MOCVD [8-10]. However, 
it has not yet been implemented in the HVPE technique to the best of our knowledge. It 
would be interesting to know, if a similar effect of this treatment occurs in the HVPE process 
as well. Furthermore it would be important to know, how the SiNx treatment affects the 
properties of the grown material, when introduced at different stages of the growth process. 
For instance, after the deposition of the low temperature GaN-NL. Therefore, the purpose of 
the present paper is to study the effect of the in situ treatment of SiNx on the properties of 
the HVPE material and to determine the optimum position of this treatment in deposition 
process. As the function of the SiNx treatment is known in the MOCVD, comparison of the 
experimental results of this work with literature will further help to answer to what degree 
the in situ treatment of SiNx is effective in the HVPE method.
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5.2 E xperim ental
The GaN samples were grown on c-plane sapphire substrates with a miscut of 0.3° towards 
the a-plane in a home-built, horizontal HVPE reactor [11]. The precursors used for Si, Ga, 
and N were silane (SiH4), GaCl formed as a result of reaction between Ga melt with HCl, 
and NH3, respectively. SiH4, HCl and NH3 were injected as gas into the reactor. The carrier 
gas was 100% H2 during the process.
The standard HVPE process of growing GaN directly on sapphire substrates is treated in 
reference [11]. Briefly, the sapphire substrate is annealed and nitrided at 1060 °C in an NH3 
ambient (1000 sccm) for 10 minutes and the GaN-NL is deposited on the nitrided sapphire 
at 600 °C for 3 minutes with a V /III ratio of 100 at 200 mbar. After the NL deposition, 
the reactor is heated up to 1080 °C, which allows re-crystallization of the nucleated GaN 
seeds into large-sized islands in a preferred crystallographic orientation with respect to the 
substrate. In the final step of the standard process, which is the deposition of the epitaxial 
layer, the pressure is maintained at 950 mbar and the layers were grown with growth rate of 
250 |J.m h-1 .
To study the effect of the in situ treatment of SiNx on the density of nucleated GaN seeds, 
two types of templates were prepared. For the first template (S1), only a GaN-NL was 
deposited on the nitrided sapphire with the growth parameters as described for the standard 
process. For the second template (S2), the sapphire substrate was first nitrided and then 
treated with SiNx for the duration of 3 minutes by injecting a SiH4 flow of 50 sccm together 
with a NH3 flow of 1000 sccm at a temperature between 1050-1070 °C and a pressure of 970 
mbar. Subsequently a low temperature GaN-NL was deposited. Finally for both types of 
templates, the NL was annealed at 1000 °C in an NH3 environment. Afterwards, the samples 
were cooled down in an NH3 atmosphere to avoid decomposition of the GaN islands.
Furthermore, in order to determine the optimal position of the SiNx treatment during the 
growth process, different template schemes were prepared on which, a GaN epi-layer of 
thickness ranging between 60-80 |xm were deposited in a unique process. The first template 
was the reference template (T1), an annealed standard GaN-NL. The second template (T2) 
was prepared by treating the nitrided sapphire with the SiNx followed by the deposition of 
a NL which was subsequently annealed. The templates T1 and T2 were identical to the S1 
and S2 samples, respectively, as discussed earlier. The third template (T3) consisted of the 
annealed NL on which SiNx was deposited. The fourth and the final template (T4) consisted 
of 1±0.15 |xm thick GaN layer prepared by our standard growth process (layer thickness was 
assessed by optical profilometry) and subsequently treated by SiNx. A schematic drawing 
(not scaled) of the grown sample structures is shown in Fig.5.1.
The prepared NLs (templates S1 and S2) were studied by SEM in order to confirm whether 
the SiNx is promoting the selective nucleation in the HVPE process as well. The samples
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Figure 5.1: Schematic of the samples (60-80 ^m) grown by carrying out the SiNx treatment at 
different stages of the growth. Sample shown in (a) was grown on template (T1), (b) was grown 
on template (T2), (c) was grown on template (T3), while (d) was grown on template (T4). The 
thicknesses of different layers in structures are exaggerated and are not upto the scale.
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(epi-layers of thickness 60-80 |xm deposited on templates T1, T2, T3, and T4) were also 
studied and characterized by different techniques. The optical properties of the grown epi- 
layers were studied by PL spectroscopy using a laser excitation wavelength of 325 nm at 10K. 
The as-grown epi-layers were then cleaved and etched in the eutectic solution of KOH and 
NaOH at an elevated temperature of 380 °C for few minutes [12] to reveal all the dislocations 
and examined by SEM to count the dislocations.
In order to study the behavior of the dislocations present, some dedicated samples were inves­
tigated using a TEM attached to a scanning TEM-high angular annular dark field (STEM- 
HAADF) detector and to a STEM-EDX detector. For TEM studies, specimen were prepared 
in such a way that investigation of the dislocations and their propagation upto a distance 
of about 25 |xm from the GaN-sapphire interface was possible. From the TEM images, we 
have estimated the DD by dividing the number of observed dislocations by the product of 
TEM specimen thickness and width of the region. For these calculations, the local thickness 
of the investigated region is assumed to be constant, and this thickness was determined by 
the convergent beam electron diffraction (CBED) technique.
5.3 R esu lts and D iscussion
As mentioned in the introduction section, the SiNx treatment promotes the selective nucle- 
ation of GaN seeds, when deposited on the nitrided sapphire before the NL deposition, at 
least in the MOCVD process. In order to verify this in the HVPE process, low temperature 
GaN-NL templates S1 and S2 (as discussed in the experimental section) were studied by 
plan-view SEM. Selected plan-view SEM images of the samples are shown in Fig.5.2a and 
Fig.5.2b. The NLs in both cases consist of partially coalesced large-sized GaN islands. The 
size of the coalesced islands is large and density is lower in the case of template S2 prepared 
with the SiNx treatment in comparison with the standard template S1 (Fig.5.2b). Addition­
ally, the islands are well defined and higher (Fig.5.2b) in S2 template. This confirms that 
the SiNx treatment does promote the selective nucleation of GaN seeds, when introduced at 
the right position during the growth process. In between the large sized partially coalesced 
island, small-sized islands are visible in both templates. The density of small islands is almost 
similar in both cases. The presence of smaller islands is not significant as they are found 
not to grow in size and do not take part in the subsequently growing layer in both cases. 
This conclusion is justified in a plan-view SEM image of GaN layer (Fig.5.2c) which is almost 
completely coalesced with few openings left showing the small-sized islands not grown in size.
To check the stability of the SiNx after the treatment, we examined the sample deposited 
on the template T2 by the STEM-HAADF technique. We observed a thin layer of 2 nm 
at the GaN/sapphire interface. This thin layer is likely to be the SiNx one as the GaN-NL 
has thickness of about 200-300 nm. Haffouz et al. [8] reported a thickness of such a layer
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Figure 5.2: Plan-view SEM images of the low temperature GaN-NL grown with: (a) standard 
process (S1) and with (b) SiNx treatment (S2), (c) A plan-view SEM image of nearly completely 
coalesced GaN layer showing smaller islands in not yet coalesced regions not contributing to the 
GaN growth.
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Figure 5.3: SEM images of DD in the samples prepared on (a) standard template T1, (b) T2 (i.e., 
SiNx treatment after the nitridation step and before the deposition of low temperature GaN-NL), 
(c) T3 (i.e., after the annealed NL), (d) T4 (i.e., on the thin epitaxial GaN layer). The thickness of 
samples shown in (a), (b), (c) and (d) is between 60-80 |xm.
in order of a few nanometers in their MOCVD process for a treatment time of 2 minutes 
and a SiH4 flow of 50- to 100 sccm. We tried to establish the chemical composition of the 
SiNx by the STEM-EDX technique. However, the experimental limitations of this technique, 
namely, (i) the necessity of employing very small electron probes resulted in a very small 
excitation volume and hence low X-ray counts and, (ii) a low-detection sensitivity of the 
technique for elements with a lower atomic number (such as N) prevented the compositional 
analysis. However, the EDX studies showed the presence of Ga and Al elements only above 
and below this thin layer, respectively, which confirms that this layer is not formed as a result 
of the nitridation/nucleation process. Additionally, the layer appeared with a relatively dark 
contrast in the HAADF image, which indicates its relatively lower average atomic number 
compared to the adjacent sapphire substrate and the GaN layer. Therefore, from the TEM 
observations in conjunction with our growth data, we infer that it is the intented SiNx layer 
as a result of treatment.
In the next step, samples (epi-layers of thickness 60-80 |xm) prepared on the four different 
types of templates, as described in detail in the experimental section and shown in Fig.5.1,
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were etched and studied by SEM in order to determine the density and distribution of dis­
locations. SEM images were recorded at different places of samples and dislocations were 
counted and the averaged DD was estimated. The SEM images of the etched samples are 
shown in Fig.5.3. Etch pits of mainly three different sizes are visible. The large-sized pits 
are the screw ones, while the smallest ones correspond to the edge dislocations, and the pits 
formed on the mixed dislocations are of intermediate sizes [13]. During the etching process, 
sometimes large pits are formed on closely spaced dislocations as can be seen in Fig.5.3. 
The DD was estimated to be 5±2x107 cm-2 in samples grown with the standard process on 
templates T1, see Fig.5.3a. With reference to standard sample (T1), the DD was reduced 
to 1±1x107 cm-2 (Fig.5.3b) and 6±3x106 cm-2 (Fig.5.3c) in the case of samples grown on 
templates T2 and T3, respectively. However, the DD soared to 2±3x108 cm-2 (Fig.5.3d) in 
case of samples grown on templates T4. The decrease of the DD in the case of epi-layers 
grown on templates T2 and T3 case implies that the introduction of the SiNx treatment 
worked best when it was deposited close to the GaN-NL in our samples. The above results 
suggest that the optimum position of the SiNx treatment to achieve a low DD is just after 
the annealing of the NL in the growth process, i.e. in case of epi-layers grown on templates 
T3. The increase of the DD for the samples grown on T4 could possibly be explained by the 
disruption of the growth, when introducing the SiNx treatment at a stage, where the islands 
were already coalesced and step flow growth mode was already more prominent than the 
vertical growth. To further check the reproducibility of the process, GaN layers of thickness 
of between 250-300 |xm were grown using the optimal position of the SiNx treatment, i.e., on 
T3 templates. The etched samples were studied by SEM, which confirmed that the DD was 
on an average 3x106 cm-2.
For the MOCVD process, the reported DD reached 8x108 cm-2 using SiNx treatment in 
comparison to 6x109 cm-2 in the samples grown without the SiNx treatment [8]. Thus, a 
reduction of one order was achieved in the cited work. In these studies, the treatment was 
only studied on the nitrided sapphire. Additionally, M.J. Kappers et al. [9] also reported a 
drastic reduction of DD from 5x109 cm-2 in the starting MOCVD GaN-templates to 9x107 
cm-2 as a result of SiNx treatment. In their studies, multiple SiNx treatment was introduced 
at different stages of MOCVD growth process. In their work, they proposed, that such 
introduction of multiple treatment step will work even more effectively in the HVPE process. 
If we compare this treatment method in HVPE with MOCVD, it seems to work effectively in 
both techniques. However, the optimal position of SiNx treatment, which resulted in a low 
DD, differs in our work from the reported MOCVD work. The possible reason could be the 
different growth modes and reaction chemistry in both processes. Additionally, in the above 
cited works [8-9], the SiNx treatment was not studied simultaneously during different stages 
of growth.
In order to understand the behavior of dislocations, the SiNx treated samples were studied by 
STEM-HAADF techniques. Fig.5.4. shows the weak-beam dark field TEM images recorded 
in the vicinity of GaN/sapphire interface. These micro-graphs were imaged with g[ooo2] and
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Figure 5.4: Weak beam dark field TEM images of sample grown on template T3 showing (a) 
pure screw and mixed dislocations, (b) pure edge and mixed dislocations near the interface. In (b) 
bending of edge-type dislocations near the interface is visible. The thickness of the TEM sample 
prepared for images (a) and (b) is ^  175 nm. (c) Montage of bright field TEM images recorded at 
different sample regions showing mixed-type dislocations threading into the GaN layer. This image 
corresponds to a region in the GaN layer lying at a distance of ^  20 |im from the GaN-sapphire 
interface. The corresponding local thickness of the TEM sample is ^  375 nm (estimated by the 
CBED technique).
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Figure 5.5: Weak beam dark field TEM image showing the bending of dislocations near the 
GaN/sapphire interface.
g[ii20] reflections to study screw, edge, and mixed dislocations. Fig.5.4a taken with the g[ooo2] 
shows pure screw dislocations as well as mixed dislocations. Fig.5.4b taken with the g[1120] 
shows pure edge dislocations and mixed dislocations. From TEM images, a DD of ^  2.3x109 
cm-2 is estimated at a thickness of ^  0.2 |am from the GaN/sapphire interface. GaN epi- 
layer close to the interface mainly consisted of dislocation loops and TDs, see Fig.5.4a and 
Fig.5.4b. By comparing both figures, it is obvious that most of the dislocations appeared 
in both images, which suggests that they have mixed character, i.e., both screw and edge 
components (a + c).
The density of the TDs is decreasing with the increasing thickness of GaN layer from the 
interface (GaN/sapphire). The average order of DD was estimated to be ^  5x108 cm-2 by 
recording TEM images at different places of sample at thickness of 20 |am, see Fig.5.4c. The 
DD was formulated by counting the number of dislocations and dividing by the product of 
thickness and width of the sample as described in an experimental section. The reduction of 
the DD by one order of magnitude at thickness of just 20 |am from the interface suggests the 
bending of dislocations to be the prominent mechanism in this regard. The bending behavior 
of dislocations was confirmed as depicted in Fig.5.5. Dislocations bending parallel to the 
GaN-sapphire interface up to a distance of about 2 |am from the GaN/sapphire interface 
are visible in Fig.5.5. The mixed type dislocations were found to be threading in the GaN 
epi-layer.
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The full realization of the potential applications of the GaN requires knowledge of the role 
of unintentional and intentional impurities. The PL spectroscopy has proven to be a very 
powerful tool for detection and identification of impurities and other defects in wide band 
gap semiconductors. The PL spectra provide reliable information about excitons bound to 
neutral impurities, free carriers recombining with carrier bound at impurities and donor- 
acceptor pair recombination.
A representative low-temperature PL spectrum of the HVPE-grown GaN layer grown with 
different thicknesses on the optimal T3 template (in the near-band gap range) is depicted in 
Fig.5.6. The thicknesses of the layers were 75- and 310 |xm. Most of the emission intensity 
resulted from excitonic transitions. The spectrum shows a dominant, very narrow and intense 
bound exciton (BE) peak which is attributed to excitons bound to neutral shallow donors. 
Oxygen is well known to be a shallow donor in GaN [14]. For the thick layer, the BE peak 
is at 3.469 eV, while the donor acceptor pair (DAP) emission and its phonon replica (DAP- 
1LO) appeared at 3.266-, and 3.175 eV, respectively. For the thin layer, the BE, DAP, and 
DAP-1LO emissions appear at 3.47-, 3.269-, and 3.177 eV, respectively. The DAP peak is 
most likely because of the interstitials and the vacancy like defects acting as an acceptor, 
introduced during the early stages of the growth [15]. The peaks position suggests that the 
thin layer has more residual compressive stress in comparison to the thick one. The full 
width half maximum (FWHM) of the BE emission for the thick and thin layer was 2.0 and 
1.8 meV, respectively. The narrow FWHM values of these emission peaks confirmed the 
high crystalline quality of these layers. The free exciton emission appeared for both samples. 
The free exciton A (FXA) and free exciton B (FXB) emissions appeared at 3.481- and 3.488 
eV for the thin layer, while these excitation appear at 3.473- and 3.478 eV for thick layers 
respectively. The appearance of free exciton emissions further confirms the high quality and 
low impurity concentration in these layers. The free exciton peaks for the thin layer are 
shown in inset in Fig.5.6.
5.4 C onclusions
A new HVPE growth procedure, able to substantially reduce the DD in the HVPE-grown 
GaN epi-layers has been reported. By this method, state of the art quality GaN layers were 
grown on sapphire substrates with an in-situ treatment of a SiNx in the HVPE process. 
The SiNx treatment was effective in improving the structural and optical quality of the 
HVPE GaN material by reducing the DD. The most effective position of treatment consists 
of depositing SiNx on the annealed GaN-NLs. The DD in the epi-layers (60-300 |xm) grown 
on the optimal SiNx template was one order lower (i.e. in 106 cm-2 range) than in the 
epi-layers of same thickness grown with the standard process. The selective growth of large 
islands was confirmed by studying the SEM images of the NLs. The thickness of the SiNx 
layer estimated from the TEM image was about 2 nm. Crossectional-TEM analysis showed 
a DD in the order of 2.3x109 cm-2 close to the GaN/sapphire interface which decreased
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Figure 5.6: Low temperature (10K) PL spectra of two layers grown with optimized position of 
SiNx treatment step (i.e., on template T3). The inset shows a narrow energy range PL spectrum 
for 75 ^m epi-layer. Free exciton (FXA) and (FXB) emissions are visible.
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further to 5.0 x 108 cm-2 at thickness of just 20 |i.m from the interface. TEM studies revealed 
that the TDs were of mixed character. Bending of dislocations was observed close to the 
interface. In addition to the selective nucleation and growth in initial stages of the process, 
bending of dislocations was found to be an important factor in the reduction of DD into the 
GaN epi-layer. Low temperature PL revealed good optical and structural quality of the GaN 
epi-layers grown with an optimal SiNx treatment.
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C hapter 6
Properties and preparation of high quality, free 
standing G aN  substrates and study of sponta­
neous separation m echanism
1 High quality free-standing (FS) GaN layers of thickness ~  600 ^ m  were prepared by ex­
ploiting spontaneous separation as a result o f the thermal stress built up between the sapphire 
substrate and the GaN layer. Study of the mechanism revealed that the separation took place 
inside the G aN layer and not from  the sapphire substrate. The abrupt changes in growth 
conditions during the deposition process and thermal m ismatch as causes o f the spontaneous 
separation of GaN layers are discussed. The substrates were prepared by overgrowing GaN  
templates using the HCl based hydride vapor phase epitaxy (HVPE). The obtained FS-G aN  
substrates had a dislocation density (DD) in the order of 106 cm- 2 . Low temperature pho­
toluminescence (PL) and reflection spectroscopy showed that the F S-G aN  has a high optical 
quality. The optical quality o f N-face was good and comparable to the Ga-face FS-GaN. The 
substrates were nearly stress free as revealed by X-ray diffraction (XRD ), PL, and reflection 
spectroscopy.
6.1 In troduction
Free-standing (FS) GaN emerged as an alternative for bulk GaN substrates. FS-GaN sub­
strates allow homoepitaxial growth of high quality material, and thus help realizing the de­
velopment of high performance devices. FS-GaN is mostly prepared by hydride vapor phase 
epitaxy (HVPE), which is known for its high growth rate. Additionally, the good quality of 
the grown material and its relatively low cost makes this method attractive for GaN growth. 
In order to prepare FS-GaN by HVPE, GaN layers are initially grown heteroepitaxially on 
sapphire [1], GaAs [2], SiC [3], or other suitable substrates, subsequently followed by removal 
of the substrates. The methods employed to produce FS-GaN include void assisted separa­
tion (VAS) [4], laser lift off (LLO) [5], and facet controlled epitaxial lateral overgrowth [6]. 
The drawbacks of these methods are extensive processing prior to/during growth and layer 
damage as in the case of LLO.
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Non-optimized growth conditions can result into low quality GaN, whereas thermal expansion 
coefficients (TEC) mismatch of GaN with underlying substrates such as sapphire result into 
development of high thermal stress during cooling down from growth temperature [7], which 
leads to undesirable effects such as bowing (high curvature) and cracking of the GaN layer.
However, intentionally grown low quality GaN [8] and the TEC mismatch [8, 9] could be 
advantageous to produce large sized FS-GaN substrates. In this work, we studied the in 
situ spontaneous separation which resulted in FS-GaN. The effect of the abrupt changes in 
growth conditions and thermal mismatch as cause for this separation mechanism is discussed. 
This study revealed that the separation took place inside the GaN layer and not from the 
sapphire substrate as reported mostly in literature [8, 9]. Possible reasons for such separation 
mechanism are explored in the light of the obtained results. The properties of the resulting 
FS-GaN have also been studied and presented in this work.
6.2 E xperim ental part
In a first step, crack-free GaN layers of thickness 250-300 |am (shown in Fig.6.1a) were grown 
directly on 2 inch sapphire substrates having a miscut of 0.3° towards the a-plane, in a 
horizontal HVPE reactor [10]. The precursors were NH3 gas and a Ga melt exposed to HCl 
gas to produce GaCl. GaN is formed as a result of the reaction between the GaCl and NH3 
over a substrate at elevated temperatures of 1070-1080 °C and a pressure of 970 mbar. In this 
process, the carrier and the push flows were 100% H2 gas. Before the epitaxial growth step, 
GaN-NL was deposited at a temperature of 600 °C and a pressure of a 200 mbar on nitrided 
sapphire. The NL was then annealed at 1000 °C for 3 minutes in an NH3 environment and 
subsequently the reactor pressure and temperature were raised to carry out the epitaxial 
step. The epi-layers were grown with a V /III ratio of 83 in the first step of 10 minutes, which 
gives a growth rate of ~  120 |J.m h-1. In order to achieve a higher growth rate, HCl flow 
was abruptly increased from 24 ml min-1  to 45 ml min-1  and GaN layer was grown for 15 
minutes. Later the HCl flows were uniformly increased from 40 ml min-1  to 70 ml min-1 
in successive steps of 15 minutes in order to grow thicker GaN layers, thereby increasing 
the growth rate from 120 |am h -1  to 400 |am h -1  and lowering the V /III to 25. Finally, 
epi-layers of thickness upto 300 |am were grown (see Fig.6.1a) with an average growth rate 
of 250 |am h-1. The process had to be stopped after 70 minutes due to blockage of the GaCl 
outlets with parasitically deposited, polycrystalline GaN. The layers were cooled down in an 
NH3 atmosphere which was diluted with nitrogen to avoid the decomposition of the GaN 
epi-layers.
In the second step of the experimental work, these GaN layers (300 |am) were used as a 
template for overgrowth by HVPE and will be refered as GaN-template further on in the 
text. The growth parameters for the epitaxial step were same as described above except that 
the NH3 was introduced at 400 °C to avoid the decomposition of the GaN-templates. Off
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Figure 6.1: (a) A 300 thick crack-free GaN-template grown on sapphire in a single process, (b) 
600- to 650 ^m thick FS-GaN as a result of overgrowth on templates shown in (a) by the HCl-based 
process.
course, GaN-NL deposition was eliminated. The thicknesses of the overgrown layers ranged 
between 300- to 350 |am and were deposited with a growth rate of 250 |am h-1. Hence the 
overall thickness of the samples after the overgrowth was in order of 600- to 650 |am. The 
spontaneous separation of these layers in large pieces was observed while cooling down to 
room temperature (Fig.6.1b).
The properties of the templates and the FS-GaN layers were studied by low temperature PL, 
reflection spectroscopy, HR-XRD, SEM, DICM, photo- and eutectic (KOH-NaOH) etching 
methods [1 1 ].
6.3 R esu lts and D iscussion
6.3.1 Properties of tem plates
Templates grown with the optimized process [10] were crack-free, shiny, and transparent, see 
Fig.6.1a. The surface morphology studied by optical microscopy appeared to be reasonably 
smooth with a low density of micro-pits and growth hillocks. The average root mean square 
(RMS) values of surface roughness were in range from 5 to 150 nm. The surface roughness 
was measured with an optical interferometer over a scan area of 1.24x0.94 mm2. The DD was
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in order of low 107cm-2 . The structural quality was probed by HR-XRD by recording RC 
scans. The FWHM values for the (0 0 0 2) and (10 15) reflections were 187 and 91 arcsec, 
respectively, when measured with a narrow slit of 0.5 mm. The low FWHM values depict 
high structural quality of the layers. The properties of the GaN-templates are discussed in 
detail elsewhere [10].
6.3.2 Growth rate
Thicker GaN layers which are mechanically more resistant to the stress due to TEC mismatch, 
are crucial in increasing the area of the FS-GaN crystals. GaN layers of higher thicknesses 
can be grown if the process is optimized in a way to achieve high growth rates with a reduced 
parasitic deposition.
Overgrowth of GaN-templates after an optimization of HCl-based HVPE process in terms 
of V /III ratio resulted in a spontaneous separation of GaN layers in large pieces instead of 
cracking severely. The thicknesses of the FS-GaN layers was ~  600 |am and were grown with 
a growth rate of 250 |am h-1 , see Fig.6.1b. The thickness of GaN layers was still not large 
enough to sustain the thermal stress, built in during cooling from the growth temperature, 
in order to achieve a full separation of 2 inch wafer. The high rate of parasitic deposition 
during the process hindered growth of the GaN layers thicker than 350 |am in a single growth 
run.
However, replacing the HCl source with the Cl2 precursor in HVPE resulted in the over­
growth and separation of complete 2 inch, crack-free GaN layers of thickness larger than 
800 |am in one piece, firstly because of the enhanced growth rates (approximately 4x higher 
in comparison to the HCl based HVPE process) and secondly because of the possibility of 
growing for longer time due to slow parasitic deposition rate in this process. The issue of 
the high growth rate, low parasitic deposition, and preparation of the 2 inch crack-free GaN 
layers in the Cl2-based process will be discussed in the forthcoming Chap.7 [12].
6.3.3 Spontaneous Separation
Overgrowth of GaN-templates resulted in a spontaneous separation of epi-layers with a thick­
ness larger than 400 |am (Fig6.1b). Crossectional SEM and DICM studies of the surface of 
the sapphire after the spontaneous separation revealed that a layer of thickness 30- to 40 |am 
remains on the sapphire substrate. This layer must be a GaN layer as no additional layer 
were deposited during the growth process.
In order to verify this, we studied the three surfaces of importance namely, i.e, (i) the surface 
of the sapphire substrate after the spontaneous separation, (ii) the N-face and, (iii) the 
Ga-face of the spontaneously separated FS-GaN, as shown in Fig6.2a, by low temperature
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Figure 6.2: (a) Schematic drawings of the surfaces investigated by reflectance and PL spectroscopy, 
(b) Photo-reflectance spectra measured at 10K. The shift in the excitonic peaks position for surface 
(i) in comparison to the surface (ii) and (iii) is shown by arrows in (b).
reflection and PL spectroscopy.
It is well known that the heteroepitaxial growth of GaN layers on foreign substrates (AI2O3, 
SiC, or Si) leads to a residual compressive/tensile strain in epitaxial layers. This strain can 
be present even in FS-GaN layers grown by HVPE [13]. Therefore, measurement of the 
excitons energy can be used to evaluate the presence and type of the residual strain in the 
GaN layers. Reflectance spectroscopy, being a useful tool in this regard, was employed to 
study our FS-GaN crystals and the remaining layer on the sapphire substrate.
Fig.6.2b shows the reflection spectra of surfaces (i), (ii) and (iii). In all three cases, the 
similar spectra were obtained confirming that the remaining layer on the sapphire substrate 
is GaN. This implies that the spontaneous separation took place inside the GaN layer and 
not from the sapphire substrate as reported in literature [8 , 9].
In the refelction spectra (Fig.6.2b), the free exciton transitions (FXA, FXB and FXC) for 
surface (i) were observed at energies, (EFXA=3.481, EFXB=3.487, and EFXC=3.506 eV).
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The reported values in literature for homoepitaxial stress-free GaN layers are: EFXA=3.4776, 
E f x b =3.4827, and EFXC=3.5015 eV [14]. This indicates that the surface (i) had a significant 
residual compressive strain. The free exciton for surfaces (ii) and (iii) appeared at same but 
lower energy positions (i.e., EFXA=3.479, EFXB=3.484, and E FXC=3.502 eV) in comparison 
to surface (i). The free excitons: FXA, FXB, and FXC appeared for surface (i) with a blue 
shift of 2-, 3- and 4 meV, respectively with respect to the surfaces (ii) and (iii). This implies 
that the surface (i), the remaining thin GaN layer on the sapphire, has a high residual strain 
in comparison to the FS-GaN layers which are nearly stress-free. Here it is worth noting that 
the free exciton transitions appeared at same energy values for both surface (ii) and (iii), 
which are discussed in detail in section 6.3.4.
The three surfaces shown in Fig.6.2a were also studied by low temperature PL spectroscopy. 
Fig.6.3a shows the PL spectra of the excitonic transitions, while, Fig.6.3b is a PL spectra 
recorded in a broader range for the three surfaces. All the three surfaces show characteristic 
GaN PL spectra, which further confirms that the spontaneous separation is inside the GaN 
layer and not from the sapphire subtrate. These spectra are consistent with the reflectance 
measurements, i.e., the free exciton transitions are observed at same energies in PL and 
reflectance spectra for all three surfaces, see Fig6.2b and Fig6.3a. In the PL spectra, FE, 
DBE, DAP transitions and its phonon replicas namely, DAP-1LO, DAP-2LO and DAP-3LO 
have lower energy shifts in FS-GaN layers (surfaces (ii) and (iii)) in comparison to the GaN 
layer (surface (i)) attached to the sapphire (Fig.6.3a and Fig.6.3b). This further confirms the 
conclusion of a high residual compressive strain in the thin GaN layer still attached to the 
sapphire substrate in comparison to the FS-GaN. The PL and reflection spectroscopy also 
indicates that the quality of the thin GaN layer still attached to the sapphire is good and 
comparable to the FS-GaN. The reflection and PL results are discussed in detail in section 
6.3.4 related to the properties of FS-GaN.
Now the question remains about what the mechanism of the spontaneous separation is and, 
why the separation took place inside the GaN layer instead of at the GaN/sapphire interface. 
In literature, the separation of the GaN epi-layer from the sapphire substrate is reported 
while cooling down from growth temperature due to building up of a high thermal stress as a 
result of the TEC mismatch [9]. Alternatively as a explanation of the spontaneous separation, 
the evaporation of a low quality nucleation layer has been proposed [8]. In our case, the later 
mechanism can be ruled out as the remaining layer on the sapphire substrate had a much 
higher thickness. Additionally, the PL and reflection data showed that the quality of the 
remaining GaN layer on the sapphire is good and its quality is comparable to FS-GaN.
We studied the cross-sections of our GaN-templates by SEM. We observed a long, line-like 
features at a thickness of 30-40 |am running parallel to the substrate, as shown in the SEM 
image of the as-cleaved section of the template in Fig.6.4a. This long parallel line like feature 
looks like a ‘pseudo-interface’. Interestingly, it was observed in nearly all GaN-templates 
grown under the same conditions. Additionally, it was observed that if the GaN-templates
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Figure 6.3: PL spectra measured at 10K, (a) in the vicinity of exciton transitions and (b) in a 
broad spectral range.
were grown with a different V /III ratio, the observed ‘pseudo-interface’ disappears and the 
GaN layer as well as the sapphire substrate cracks severely. It appears that the generation 
of the ‘pseudo-interface’ at a distance of about 30 pm from the sapphire surface was an 
important aspect in realizing crack-free growth of templates in our case. Additionally, it is 
worth noting that the ‘pseudo-interface’ appeared at the same distance from the substrates 
as the thickness of the remaining GaN layer on the sapphire substrate after spontaneous 
separation event. This could be an indication of a connection of this ‘pseudo-interface’ with 
the spontaneous separation mechanism.
In order to understand the formation of such ‘pseudo-interface’ in the GaN epi-layer, we in­
vestigated the cleaved sections of the GaN-templates by DICM after photo-etching. Fig.6.4b 
shows a cross sectional DICM image of the cleaved section of the sample after photo-etching. 
The 3D growth, numerous irregularities and overgrown pinholes in vicinity of the pseudo­
interface can be observed. The irregularities observed above the pseudo-interface are similar 
to the ones observed at the GaN/Al2O3 interface in the GaN templates reported by Bohnen  
et al. in Ref. [15]. A clear time of the formation of the pseudo-interface is not known. 
However studying Fig.6.4b, gives clues of formation of it during the growth process.
We tentatively attribute the formation of such pseudo-interface to the growth conditions. As 
mentioned in the experimental section, the abrupt change in the HCl flow during the initial 
stages of the growth process may have led to built up of high stress. High V /III ratio is 
reported to promote a high lateral growth as well as a high compressive strain while on the 
other hand, a low V /III ratio results into a high vertical growth rate and an increase in strain 
of tensile type [16]. At some point the stress in the growing layer reaches its critical point and
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it becomes energetically favorable for the growing system to switch the growth mode, which 
led to the irregular 3D growth. However the irregular 3D islands were rapidly overgrown 
due to fast growth rate leaving pinholes in the layer. Thus creating a pseudo-interface in the 
growing epitaxial layer. The release of stress by switching of the growth mode and overgrown 
pin holes resulted in a stress-free growth of the subsequent GaN layer and crack-free templates 
were realized. Additionally for the same reason, when such templates were overgrown, they 
resulted in the nearly stress-free FS-GaN. This is in correlation with our low temperature PL 
and reflection spectroscopy results as well which has indicated a small amount of the residual 
stress in the FS-GaN in comparison to the 40 pm thick GaN layer left behind on the sapphire 
substrate after the spontaneous separation.
The overgrown GaN layers ~  600 pm were spontaneously separated in large pieces at the 
pseudo-interface being the weaker point in the GaN layer during cooling down of the grown 
sample due to the built up of thermal stress.
The combination of the thermal mismatch and intentional changes in the growth conditions 
helped to realize the FS-GaN. However, the GaN layers were not thick enough to completely 
sustain the stress and were obtained in large pieces instead of full wafer. Thicker layers 
(>800 pm) are found to be mechanically stronger to handle such thermal stress and thus 
made possible the realization of complete 2 inch, dia. GaN wafers as discussed in Ref. [12] 
and in Chap.7.
6.3.4 Properties of FS-GaN layers
The FS-GaN crystals obtained were shiny and transparent, see Fig.6.1b. However, the surface 
morphology started to be dominated by hexagonal and polygonal shaped pits especially near 
the edges of the sample surface, when the thickness exceeded 400 pm.The falling particles are 
the culprit for such pits formation. The probability of such particles falling on the growing 
wafer and get incorporated as a defect is higher in long processes as the reactor tube start 
getting dirty with time due to parasitic deposition of polycrystalline GaN.
The DD was estimated by studying the plan-view SEM images of the samples which were 
defect selectively etched in molten eutectic of NaOH-KOH at a temperature of 420 °C [11]. 
The DD was in low 106 cm-2 range and in a few samples, it was as low as 105 cm-2. From 
the size of the etched pits [17], it was concluded that most dislocations were of edge and 
mixed-type, with only a few screw dislocations present .
The lattice parameters of the FS-GaN layers were determined by XRD technique by recording 
the 29-u patterns of the (1 1 .4) and (0 1 .5) reflections for the a-axis, and the (0 0 0 2)) reflec­
tion for the c-axis. The a and c lattice constants were 3.1844 A and 5.1846 A, respectively, 
which are very close to lattice parameters of strain free GaN material (i.e., a=3.1892±0.0009 
A and c=5.1850±0.0005 A) [18]. This indicates that the FS-GaN has a negligible residual
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Figure 6.4: Crossectional (a) SEM image of as grown ~ 200 pm thick template showing ‘pseudo­
interface’ into the GaN layer at thickness of ~  32 pm perpendicular to the growth (0 0 0 1) direction, 
and (b) crossectional-DICM image after photo-etching of the same sample revealing irregularities 
in growing layer in the vicinity of the ‘pseudo-interface’.
stress in it.
The optical properties of the FS-GaN material were studied by low temperature PL and 
reflection spectroscopy. Fig.6.2b shows the reflection spectra at a low temperature for N- 
terminated (ii) and Ga-terminated (iii) faces. Fig.6.3a is the low temperature PL spectra 
near the excitonic transitions and Fig.6.3b contains the PL spectra in a broader range for N
(ii) and Ga (iii) surfaces of FS-GaN.
The free exciton peaks appeared in both PL and reflection spectra. The appearance of 
exciton peaks indicates a good optical quality of the material. The exciton peaks appeared 
at energy values EFXA=3.479, EFXB=3.484, and EFXC=3.502 eV in both PL and reflection 
spectra, which are very close to the reported values for the stress-free homoepitaxial GaN
[14]. This is an indication of a small residual compressive stress in our FS-GaN and a further 
confirmation of our XRD results.
It is worth noting that these transitions were observed at the same energies for both Ga- and 
N-faces of FS-GaN crystal in reflection and PL spectra, which depicts that no gradient of 
the residual strain exists along c-axis in these crystals. Moreover, it points to a good optical 
quality of the N-face, which is usually not the case [19]. Good quality N-face GaN is very 
difficult to grow due to a high tendency of the N-face GaN to incorporate impurities. In our 
case, it was possible to obtain high quality N-face material because of the separation inside 
the GaN layer, instead of at GaN/sapphire interface.
In order to investigate the planar homogeneity of residual strain, reflectance measurements
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Figure 6.5: (a) Reflectance spectra measured at 10K at point (A), (B) and (C) for surfaces (i), 
(ii) and (iii), (b) the reflectance response (at 10K) of the as-cleaved m-plane FS-GaN measured at 
various polarizations of the incident light.
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have been performed on different places on the sample (Fig.6.5a). The exciton transitions 
were observed at the same energy positions within the experimental error; see selected spectra 
in Fig.6.5a, which demonstrates that the FS-GaN material is nearly stress-free and the small 
amount of the strain present in these crystals is homogeneously distributed in axial as well 
as in planar directions.
Strong peaks associated with bound excitons (see transitions Ii and I2 in Fig.6.3a) are also 
visible in the PL spectra shown in Fig.6.3a for both surfaces indicating the presence of impu­
rities. The source of bound exciton Ii is a donor states, while the bound exciton I2 originates 
as a result of a recombination of an exciton bounded to an acceptor state. The acceptor 
and donor like states originate in unintentionally doped GaN due to the incorporation of 
impurities and formation of the intrinsic defects during the growth process [20, 21].
PL measurements in a broader spectral range are shown in Fig.6.3b. In this figure, besides the 
bound exciton peak (BE), the DAP transition and its phonon replicas DAP-LO, DAP-2LO, 
and DAP-3LO are clearly visible. However, no yellow emission band is visible. The absence 
of the yellow luminescence and the appearance of the free exciton transitions confirmed the 
good optical quality of both Ga and N-face FS-GaN layers with a relatively low level of 
impurities and defects.
Since the growth of thick FS-GaN crystals allows fabricating GaN substrates of various 
crystallographic orientations, we cleaved the crystals and measured reflectance spectra for 
the m-plane GaN surfaces at various polarizations of the incident light. Fig.6.5b. shows 
the reflectance spectra measured for the m-plane FS-GaN crystal at low temperatures. It 
is clearly visible that the FXA transition is completely linearly polarized perpendicular to 
the c-axis. So far such behavior of FXA transition was reported only for unstrained GaN 
layers grown by MBE on a-plane GaN substrates synthesized by the high-pressure deposition 
method [22] and GaN epi-layers grown by MOCVD on m -plane GaN substrates obtained 
by the ammonothermal method [23]. It is worth noting that for heteroepitaxial layers (in 
general) the FXA is not completely polarized because of the residual strain. The observation 
of the total in-plane polarization of FXA transitions implies that the residual strain in our 
FS-GaN crystal is negligibly small.
6.4 C onclusions
The spontaneous separation of the thick GaN layers in large pieces has been demonstrated. 
The separation was observed when the layers of thickness ~  350 pm were overgrown on the 
GaN templates (300 pm) by the HCl based HVPE process. Photo-etching of the GaN tem­
plates as well as the low temperature reflection spectroscopy, and PL study revealed that the 
spontaneous separation took place inside the GaN layer and not from the sapphire substrate. 
The spontaneous separation in the GaN layer has been attributed to the combination of
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formation of pseudo-interface due to abrupt changes in growth conditions and the thermal 
stress generated during cooling of the GaN samples to room temperature. The properties of 
GaN-templates were briefly reviewed showing good morphological and structural properties. 
The FS-GaN exhibited good morphology, however in thicker samples, surface morphology 
was dominated by hexagonal and polygonal shaped pits. The defect density in these crys­
tals was in the order of 106 cm-2. The observation of the free excitons lines in PL and 
reflection spectra proved the good optical purity of these layers which was also confirmed 
by PL measurements in broad spectral range with the absence of yellow luminescence. The 
FS-GaN layers were nearly completely relaxed with a small compressive strain. Additionally, 
the strain distribution was uniform in the axial as well as in the planar direction. To ob­
tain m -plane substrates, FS-GaN crystals were cleaved and reflectance spectra with different 
polarization were recorded, which confirmed the negligible residual strain in our FS-GaN 
crystals. XRD studies also confirmed the PL and reflection spectroscopy results.
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C hapter 7
Enhanced growth rates and reduced parasitic  
deposition  by the sub stitu tion  of Cl2 for HCl in 
G aN  H V PE
1 The main limitation in the application of hydride vapor phase epitaxy for  the large scale 
production of thick free-standing GaN substrates, is the so-called parasitic deposition which 
limits the growth time and wafer thickness by blocking the gallium precursor outlet. The 
spontaneous separation was studied by utilizing Cl2 instead of the usual HCl gas fo r  the 
production of the gallium chloride precursor. We found a rapid increase in growth rate from  
~  80 to ~  400 ^ m  h-1  fo r  an equally large flow of 25 sccm in Cl^-based H V P E  process. 
This allowed us to grow, without any additional optimization, 1.2 m m  thick high quality GaN  
wafers, which spontaneously separated from  their 0.3° mis-oriented G aN on sapphire HCl- 
based HVPE-templates. These layers exhibited clear transparencies, indicating a high purity, 
dislocation densities in the order of 106 cm-2 , and narrow rocking curve X R D  F W H M s of 
54" and 166'' fo r  the (0 0 0 2) and (1 0 1 5) directions.
7.1 Introduction
Good substrates for GaN epitaxy are scarce [1]. The best option is to use GaN-substrates 
for GaN homoepitaxy. Such pure GaN-substrates can currently be produced by several 
techniques such as the high pressure method [2], ammonothermal method [3], and HVPE [4]. 
The growth rates of the HVPE method (>100 pm h-1) are significantly higher than those of 
the other techniques. Unfortunately, the total deposition time for HVPE growth is limited 
by the formation of polycrystalline GaN around the GaCl outlet, which eventually becomes 
completely obstructed. Reduction of this ‘parasitic deposition’ is one of the prime issues in 
HVPE GaN growth and it is mostly achieved by reactor geometry optimization [5, 6].
In this work we will present results on freestanding GaN layers grown on GaN-on-sapphire 
templates, grown by the novel method Cl2-based GaN HVPE. To the best of our knowledge, 
no attempts to substitute the HCl gas in HVPE for Cl2 have been previously undertaken.
1Published in J. Cryst Growth, d o i:1 0 .1 0 1 6 /j .jc r y sg r o .2 0 1 0 .0 4 .0 1 0
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We find that Cl2 increases the growth rate while the parasitic deposition is reduced, allowing 
for the deposition of ~  1.2 mm of high quality GaN in a single 3 hour growth run.
7.2 E xperim ental m ethods
First, templates were prepared by a low temperature nucleation-high temperature HCl-based 
HVPE process [7] on 2 inch (0 0 0 1) sapphire substrates, misoriented at 0.3° towards the 
a-plane to enforce a step flow growth mode, which has been shown to improve the crystal 
quality [8].
The overgrowth of the templates was performed in a horizontal home-built HVPE reactor 
[9, 10]. The GaN-templates were heated to 1065 °C under a nitrogen atmosphere. Above 700 
°C the GaN was stabilized by a constant NH3 flow of 500 sccm. At 1065 °C, the nitrogen 
carrier and dilute gases were exchanged for pure hydrogen, and a flow of 25 sccm Cl2 diluted in 
hydrogen was supplied to the gallium reservoir. The thus formed gallium chlorine precursor 
was then combined with a 1000 sccm flow of NH3 at the substrate to deposit the GaN. 
Deposition times of 2, 3, and 4 hours were applied to the HVPE-templates, but after the 4 
hour processes the gallium precursor outlet was completely blocked. Upon completion of the 
GaN deposition, the Cl2 flow was stopped, the NH3 flow decreased to 500 sccm, and nitrogen 
conditions were restored to stabilize the GaN. The pressure throughout the whole process 
was fixed at 950 mbar.
The GaN layers were characterized by cross-sectional DICM, SEM, interferometry, 9/29  
XRD, CVP, and rocking curve XRD. The different crystal facets were determined by classical 
goniometry. Defect selective etching was performed in a molten eutectic of KOH-NaOH above 
400 °C for an appropriate time to reveal all dislocations [11]. Photo-etching was performed in 
a stirred aqueous KOH solution utilizing the UV light from a Xe lamp [12]. The etch rate, and 
consequently the etch depth, in photo-etching is inversely proportional to the local level of free 
carrier concentration, as was established by Lewandowska et al. [12]. The thermodynamic 
equilibrium calculations were performed using Ekvi systems 3.01 [13]. Photoluminescence 
(PL) measurements were taken at 4.6K using an excitation wavelength of 325 nm.
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Figure 7.1: Photographs of the freestanding 1.2 mm thick Cl2-based HVPE GaN layer grown 
on a HCl-based HVPE GaN-template. (a) The pits, such as the one revealed by DICM at 5x 
magnification in (d), are most likely due to small particles of polycrystalline GaN falling off the 
parasitic deposition around the GaCl outlet. These particles were then embedded in the surface 
of the HVPE template, giving rise to hillock-like structures, as shown in (c), which became pits 
(d) upon continued overgrowth. Such pits, however, are absent in the 0.8 mm freestanding GaN 
layer grown on pieces of a smooth GaN-template, which was almost completely free of embedded 
particles (b).
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7.3 R esu lts
Overgrowth of HCl-based H VPE-tem plates
G ro w th  ra te
Growth experiments using similar conditions, but using HCl instead of Cl2 yielded growth 
rates of only ~  80 pm h -1  with an equally large HCl flow of 25 sccm. In these experiments, 
parasitic deposition limited the GaN deposition to 300 pm per run. However, utilizing 25 
sccm Cl2 to create the Ga precursor resulted in growth rates of ~  400 pm h -1  and thicknesses 
of 1.2 mm could be reached in a single process. Since the HCl and Cl2 flows, like all the 
other gas flows, were equal in both processes, we can rule out significant changes in the gas 
flow patterns in our reactor as the cause for the increase in growth rate when exchanging 
HCl for Cl2. This increase must therefore be related to the chemistry of the Cl2-based HVPE 
process. This will be discussed at the end of this paper.
P ro p e rtie s
Fig.7.1a and Fig.7.1b show free-standing GaN layers, grown on HVPE-templates by Cl2- 
based HVPE. Both GaN layers did spontaneously separated from the templates (spontaneous 
separation mechanism is discussed in detail in Chap.6). Comparing Fig.7.1a and Fig.7.1b, we 
see that in both cases the chlorine-based HVPE layer is completely transparent, indicating 
a very high quality and purity of the GaN material. The small pits, seen in the GaN layer 
in Fig.7.1a and Fig.7.1d originate, in all likelihood, from small particles of the parasitic 
deposition falling down of the GaCl outlet and being embedded in the surface of the HVPE 
template (Fig.7.1c). The GaN in the parasitic deposition is polycrystalline, highly defective, 
and posses a dark gray color. On the template surface, the particles act similar to impurities, 
locally disrupting the step flow on the (0 0 0 1) surface. Such a site and the hillock that 
formed around it can be seen in Fig.7.1c. A piece of a different HVPE template, which 
appeared almost free of such hillocks, was overgrown in a different experiment and this 0.8 
mm Cl2-HVPE overgrown layer, depicted in Fig.7.1b, does not contain any pits. Therefore, 
the pits must have originated from the impurities on the surface of the template and are not 
due to the use of Cl2-based process.
As shown in Fig.7.2a, the GaN surface appears smooth but microscopic examinations reveal 
numerous macro-steps along the surface (Fig.7.1b). The step heights vary but all lie below 
100 nm. The macro-steps are the results of step bunching, which in turn could be due to 
strain relaxation, dislocations, or impurities. No hexagonal hillocks, indicating spiral growth 
can be found on the surface with the exception of the wafer’s edges, suggesting these are 
suppressed by the misorientation of the sapphire substrates [8].
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Figure 7.2: DICM (a) and interferometry (b) images of the morphology of the Cl2-based HVPE 
GaN layer.
Due to the high growth rate, distinct facets have become visible on the side-faces of the HVPE 
GaN, as seen in Fig.7.1b. Using goniometry we found the larger side-faces on the wafer’s 
edges to be (1 1 2 2), (1 1 0 2), and (10  11) facets, as indicated in Fig.7.3a. These are the 
same facets as found by Tourret et al. using SAG-HVPE [14]. The top surface is (0 0 0 1)- 
oriented and its morphology appears smooth, though DICM and interferometry reveal large 
macro-steps, up to 100 nm in height, running along the surface (Fig.7.2). Hillocks, as seen 
in Fig.7.3a to Fig.7.3c, only appear near the edge of the wafer, where the enforced step flow 
mode is disrupted by the wafer edge.
Higher magnifications SEM images of the (1 12 2) and ( 1 1 0  2) side-faces show these faces 
actually consist of several smaller facets, as shown in Fig.7.3a, Fig.7.3d and, Fig.7.3e. Further 
away from the intersection with the ( 1 0  1 1) facet, the (1 1 2  2) facets split into to different 
crystal planes, which repeat and create a wavy pattern as seen in Fig.7.3d. On the top of 
each such ‘wave’, a coffin-shaped structure is formed. The morphology of the different facets 
of the ‘coffin’ appears smooth (Fig.7.3e).
The Cl2-based HVPE-grown layers, deposited on HCl-based HVPE-templates were free­
standing GaN layers due to spontaneous separation (mechanism is discussed in detail in 
Chap.6).
Rocking curve XRD measurement revealed a good structural quality: FWHMs of 54" and 
166" for the (0 0 0 2) and (1 0  15) peaks were recorded. The width of the (0 0 0 2) peak 
varies from 54" in the center of the wafer to 130" near the edges. Additionally, due to bowing 
of the wafer as a result of the strain induced in the template by the GaN/sapphire mismatch, 
the peak position shifts from 16.5° to 17.5° when crossing the wafer perpendicular to the flat. 
The narrow FWHMs are in correspondence with the DD as determined by DSE in molten 
KOH-NaOH eutectic above 400 °C: for all the overgrown HVPE-templates the DDs lie in
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Figure 7.3: SEM images of the different facets of the thick GaN layer: an overview showing all the 
facets of the freestanding GaN, (a) the hillocks on the edge of the (0 0 0 1) at higher magnifications 
(b) and, (c) the morphology of the ( 1 1 2  2) facet, (d) and a higher magnification of the coffin-shaped 
structures in d (e).
the order of 106 cm-2 . The majority of the defects are of edge and mixed-type. The number 
of screw dislocations is reduced by the substrate miscut [8], resulting in the high structural 
quality of the GaN.
The freestanding GaN layers were subjected to photo-etching, where the etch-rate is inversely 
proportional to the free carrier concentration [12]. A photo-etched cross section is shown 
in Fig.7.4. The vertical features originated from steps on the cleavage plane which was 
not atomically smooth, while the horizontal lines indicate a sharp transition in the carrier 
concentration, as indicated by the black arrows 1, 2, and 3. The horizontal transition lines 
are not straight as one would expect for epitaxial growth, but irregular as a result of local 
variations in the growth rate. The changes in the free carrier concentration were confirmed 
using CVP, which recorded an average free carrier concentration in the Cl2-based HVPE 
GaN layers of 3x1017 cm-2 . Several dips of roughly an order of magnitude in the free carrier 
concentration were observed.
Photo-etching revealed similar, however perfectly horizontal transition lines in our HVPE- 
templates, which were grown by HCl-based HVPE at a much lower growth rate. Thus, the 
inhomogeneity of the carrier concentration appears to be intrinsic to our HVPE process and 
not to the use of Cl2, implying that Cl2-based HVPE produces GaN with similar properties 
as classic HCl-based HVPE, but at 5x higher growth rates.
Fig.7.5 shows photoluminescence spectra of the thick Cl2-based HVPE layer. The width of 
the DBE peak is 25 meV and the peak was centered around 3.44 eV. The DBE peak position 
has shifted from 3.43 eV for the HCl-based HVPE template to 3.44 eV for the free-standing 
Cl2-based HVPE GaN layer. This UV-shifting of the DBE peak indicates a compression in
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Figure 7.4: SEM image of a cleaved cross section after photoetching, revealing sudden changes in 
the carrier concentration, as indicated by the arrows 1-3.
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the GaN a lattice constants, suggesting the strain in the freestanding Cl2 layer is higher than 
in the template.
Despite the fact that the Cl2-based HVPE GaN is more strained, the optical quality of the 
Cl2-based HVPE GaN is slightly better, as the FWHM of the template GaN was 29 meV 
compared to 25 meV for the Cl2-based HVPE GaN layer. A broad yellow luminescence band 
between 2 and 2.6 eV suggest the presence of oxygen and carbon impurities, according to 
Reshchikov et al. [15].
7.4 D iscussion
On the increased growth rate
Overall, it appears that Cl2-based HVPE yields high quality GaN wafers similar to normal 
HCl-based HVPE but at increased growth rates. This was verified by using a different flow 
controller for the Cl2. To determine the difference, we applied thermodynamic equilibrium 
calculations using Ekvi systems: Given the conditions that are present at the Ga source, the 
H2-Cl2 mixture would react with gallium to form predominantly the same GaCl precursor as 
is typically formed during HCl-based HVPE [16, 17, 18]. As the molecular densities are equal 
for HCl and Cl2, this implies that the number of Cl atoms in the Cl2 flow is only doubled with 
respect to an equally large HCl flow. This doubling of the Cl concentration could contribute 
to the increase in growth rate with a factor of at best 2. From past experiences, we learned 
that for HCl-based HVPE the growth Gr increases linearly with the GaCl flow fHCl (in sccm) 
as approximately Gr =  4.6x(fHC1 -7.5) pm h-1 . We found similarly high growth rates when 
the Cl2 flow was diluted with N2 instead of H2, ruling out HCl formation by a reaction 
between Cl2 and H2.
As stated above, the atomic density of Cl atoms is only doubled when exchanging HCl for 
Cl2, while the growth rates differ roughly a factor of 5. For a further explanation for the 
increased growth rate, we compare the gallium-chlorine reaction mechanism of the HCl-based 
HVPE GaN
2 H C l(g) +  2Ga{l) ^  2HCI* +  2Ga{l) ^  2H* +  2CV  +  2Ga{l) ^  2G aC l{g) +  2H 2{g) (7.1) 
where * indicates a species absorbed to the gallium surface, to that of Cl2-based HVPE
Cl2(g) +  2Ga(i) ^  Cl* +  2Ga(i) ^  2Cl* +  2Gaw ^  2GaClg) (7.2)
we find that the change in standard enthalpy AH0 for the Cl2 reaction (Eq.7.2) is slightly more 
negative by 4.05 kJ mol-1  than the classic HCl-based reaction (Eq.7.1). This small difference
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Figure 7.5: Normalized 4K photoluminescence spectra of the l.2 mm thick freestanding Cl2-based 
HVPE GaN layer and a HCl-based HVPE GaN-on-sapphire template prior to overgrowth.
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Table 7.1: Bond energies of all bonds involved in reactions shown in Eq.7.1 and Eq.7.2 [19].
B ond GaCl HH HCl GaH ClCl GaGa
B ond
energy
(k J /m o l)
463 436 431 276 243 <106
alone is not sufficient to explain the difference in growth rates, but a closer examination of 
the bond energies (see table 7.1) involved in reactions (Eq.7.1 and Eq.7.2) reveals that the 
Cl-Cl bond is weakly bound compared to the HCl. A more rapid decomposition of the Cl2 
with respect to that of HCl would contribute to the increase in growth rate.
Additionally, the increase in growth rate could be determined by the kinetics of the reactions. 
In reaction (Eq.7.1), we see that the formation of H2(g) is involved and for every GaCl molecule 
produced a H* has to be removed from the gallium surface by combining it with another 
hydrogen atom to form H2. Either two H*s on the gallium surface combine through surface 
diffusion or a H* reacts with a HCl from the pas phase, forming an H2 molecule and leaving 
behind a surface absorbed Cl*. As the Cl2 process does not involve this additional hydrogen 
absorption and desorption step, GaCl formation will in all likelihood proceed more rapid 
when Cl2 is supplied to the source. Usually, the efficiency of the GaCl formation reaction 
is around 80% [20, 21], which allows for a 20% gain in efficiency. The two above mentioned 
effects, combined with the doubling of the atomic Cl concentration, leads to an increase of a 
factor of maximum 2.4.
Cl* +  GaCl(g) ^  GaCl** ^  Ga* +  C l2(g) (7.4)
This can be understood by considering the model, proposed by Cadoret, which explains the 
desorption of Cl from the GaN surface during HVPE growth via a GaCl3 and a H2 mechanism
[16]. Replacing H2 by N2 decreases the desorption rate and, by blocking the GaCl adsorption 
to the GaN crystal, the growth rate. We found, however, similarly high growth rates when the 
Cl2 flow was diluted with N2 instead of H2, ruling out HCl formation by a reaction between 
Cl2 and H2. This also appears to suggest the GaCl desorption mechanism is dominant. 
Additionally, a different flow controller was used to verify the Cl2 flow rate. Finally, an 
increase in the GaCl flow over the GaN surface would not only raise the Ga supersaturation 
above the GaN, but also increase Cl desorption from the GaN surface, according to the model 
proposed by Cadoret [16]. This model is schematically represented in equations (Eq.7.3 and 
Eq.7.4), where the asterisk * now indicates a species absorbed on the growing GaN surface. A 
GaCl precursor molecule reacts with a surface absorbed N* on the GaN crystal to form GaN.
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This reaction leaves a Cl* absorbed on the GaN surface, which prevents the incorporation 
of more Ga and N into the GaN crystal. Desorption of this Cl* proceeds through a H2(g) 
(Eq.7.3) and a GaCl(g) mechanism (Eq.7.4). In the case of both HCl-based and Cl2-based 
HVPE, the carrier gas through the reactor was hydrogen. The concentration of H2(g) was 
identical for HCl-based and Cl2-based HVPE. Thus, this desorption mechanism proceeded 
at an equal rate for both cases.
However, the maximum 2.4x increase of the GaCl concentration above the growing GaN 
crystal allows for a more rapid desorption of the Cl on the GaN (Eq.7.4). This effect would 
then have to speed up the incorporation of Ga and N into the crystal by a factor of 2.1 to 
explain the 5x increase in growth rate. A deeper investigation into the reaction energies and 
kinetics of Cl2-based HVPE is required to verify this explanation.
7.5 C onclusions
Cl2-based HVPE is capable of producing similar quality GaN as classic HCl-based HVPE but 
at 5x higher growth rates. Additionally the parasitic deposition is much reduced, increasing 
the thickness we could achieve in a single run from 300 |i.m to 1.2 mm. The study shows 
that complete 2 inch GaN wafers can be prepared by Cl2-based HVPE GaN because of high 
growth rate and reduced parasitic deposition. These preliminary results on the Cl2-based 
HVPE growth of GaN show sufficient promise to warrant further research. A further careful 
optimization of the nucleation and initial overgrowth conditions of the Cl2-based GaN will 
eliminate the need for HCl-based templates, reducing the production time and costs by a 
factor of 5 or more. Due to the easy scalability of the HVPE process [22], this novel method 
could go a long way in reducing the price and increasing the availability of free-standing GaN 
substrates.
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C hapter 8
Properties o f H V P E -G aN  layers grown on bulk  
G aN  substrates
1 The combination of G aN epi-layers and native G aN substrate in H V P E  has been studied 
in this work. GaN substrate helped to improve the quality o f the material as suggested by 
characterization studies, while H V P E  contributed by growing thicker layers at higher growth 
rates. Such combination has a potential fo r  successful commercialization of GaN substrates. 
The dislocation density in the H V P E  films grown on the G aN substrates was between 104-106 
cm- 2 . The F W H M s of X R D  rocking curves were in range of 32 — 40 arcsec fo r  (0 0 0 2) 
reflections and it was in range of 32-50 arcsec fo r  (1 0 1 5) reflections, which are outstanding  
values fo r  the H V P E  material. Room temperature y -R am an  measurements showed that the 
same amount of stress is present in both G aN epi-layers and substrates. The carrier concen­
tration in the H V P E  layers reduced to 1017 cm-3 as compared to the carrier concentration 
of 1019 cm-3 in GaN substrates, The H V P E  method has improved the purity  level in subse­
quently grown GaN layers despite the higher impurity concentration in the starting substrates. 
Sharp, intense, and narrow Ram an modes also confirmed the high structural quality o f the 
films.
8.1 In troduction
The importance of bulk GaN substrates cannot be denied. Various approaches have been 
developed in recent years to achieve the bulk or quasi-bulk GaN substrates [1-6]. These 
substrates provide a lot of promise for GaN homoepitaxy in terms of producing material 
with a low defect density. However, the development in terms of producing large-sized GaN 
wafers and seed stock still remains a challenge for these methods, which in turn results in a 
limited availability of these substrates and consequently high prices. This problem could be 
solved by a combination of high quality bulk/quasi-bulk GaN substrates and HVPE method, 
where HVPE has emerged as a bulk growth method for producing reasonable quality GaN 
even at higher deposition rates. Such a combination would offer multiplication of the GaN 
substrates and production of high quality material, crucial for high power devices.
1 Submitted to Phys. Status Solidi (A)
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Figure 8.1: DICM image of 400 ^m thick GaN layer grown on the GaN-substrates by HVPE.
In this work, we shall report the homoepitaxial growth of GaN by HVPE on bulk substrates. 
These substrates were prepared by a bulk growth technique and provided by a commercial 
vendor. The purpose of this paper is to study HVPE homoepitaxy on GaN substrates and its 
consequences over the HVPE-GaN epi-layers. This would eventually lead us to the conclusion 
that to what degree bulk GaN substrates affect the quality of HVPE-grown GaN layers and 
how good is the HVPE method for this purpose? This work would also help us to conclude 
that whether the combination of high quality substrates alongwith HVPE is effective for 
further multiplication of GaN substrates.
Grown epi-layers and bulk substrates were characterized and studied by high resolution X- 
ray diffraction (HRXRD), micro-Raman (^-Raman) spectroscopy, wet chemical etching, and 
differential interference contrast microscopy (DICM).
8.2 E xperim ental
The initial thickness of the GaN substrates employed for GaN homoepitaxy was 400 |am 
and were 1 inch in diameter and square pieces of 12x12 mm in size. The substrates were 
epi-polished and the epi-layers were grown on the [0 0 0 1] Ga-face. Epitaxial layers were 
deposited on these GaN substrates in a home built, PLC controlled, horizontal HVPE reactor
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[7]. Precursors for the growth were NH3 and GaCl, while H2 was employed as the carrier gas 
for the whole process. The GaCl species were synthesized in situ by flowing gaseous HCl over 
a Ga melt at a temperature of 1000 oC. The growth was performed at an elevated temperature 
of 1080 °C and a pressure of 950 mbar. To avoid the decomposition of the substrate and the 
GaN films, NH3 was introduced in the reactor whenever samples temperature were above 
400 oC. The thicknesses of the grown films ranged between 20 |am and 400 |am and were 
deposited with a growth rate of 200 |am h-1 , i.e. the growth time varied between 6 and 120 
minutes.
The structural quality of the GaN substrates and as-grown epi-layers was checked by recording 
the symmetric (0 0 0 2)and a-symmetric (1 0  15) rocking curves (RCs) with the aid of a 
Bruker D8 advance X-ray diffractometer with a Cu target (A =  1.54060) and a 4 bounce 
monochromator using a slit of 1 mm width. Stress in the epi-layers and the substrates was 
probed by room temperature micro Raman (^R am an) spectroscopy. Raman spectra were 
recorded in the backscattering configuration. The allowed modes in this configuration are 
E2 (planar) and A1-LO (longitudinal-optical axial) [8]. The E2 modes are sensitive to the 
biaxial stress in the material, while the A1 modes are affected by the carrier concentration of 
the material. The substrates and epi-layers were then etched in a eutectic mixture of KOH 
and NaOH at a temperature of 480 °C [9] to reveal the dislocations after which the average 
dislocation density (DD) was estimated from DICM images. The carrier concentration in 
the epi-layers and GaN substrates was estimated from the Raman spectra and was compared 
with the capacitance voltage profiling (CVP) measurement data.
8.3 R esu lts and D iscussion
The GaN substrates were transparent and possessed a smooth surface morphology as studied 
by DICM prior to the HVPE deposition process. The substrates were dark greenish-yellow in 
color due to the high concentration of the unintentionally introduced impurities during the 
bulk growth process as confirmed by Raman and electrical characterization to be discussed 
later in this section.
After the HVPE process, surface morphologies of the as-grown epi-layers were studied by 
DICM as well. The selected DICM image of one of the epi-layer deposited on GaN substrate 
is shown in Fig.8.1. The layers grown were Ga-polar (0 0 0 1) surfaces and macroscopically 
flat except from the presence of a few pits. These pits exhibited a hexagonal symmetry 
and were located especially near the edges of the sample. Probably they were formed by 
the incorporation of crystallites of different orientations locally suppressing the growth in 
the [0 0 0 1] direction [10]. These pits formation was prominent when growth was performed 
with a high growth rate in the HVPE process (i.e. 350 |am h-1), however, it was considerably 
reduced by increasing the V /III ratio, thus decreasing the growth rate. This indicates that 
pit formation is process dependent and can be controlled by optimizing the deposition rates.
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Figure 8.2: DICM images of etched (a) GaN-substrate, (b) overgrown GaN layers of thickness 20 
pm and (c) 400 pm. (d) High density of defects is visible at and in the vicinity of the polishing 
introduced scratch as a result of overgrowth by HVPE.
The grown GaN layers appeared dark greenish-yellow due to the substrate and the high 
transparency and of the HVPE layers. Homoepitaxy on bulk substrates resulted in the 
growth that took place readily via a step-flow mechanism, responsible for the smooth surface 
morphology of the resulting HVPE layers.
GaN substrates and epi-layers were etched to reveal dislocations and DD was established by 
DICM. There were no or negligible amount of screw dislocations in both the GaN substrates 
and the epi-layers. The overall DD in the GaN substrates was in the range of 103- to 104 cm-2, 
see Fig.8.2a. In epi-layers of 20 pm thicknesses, the average DD was 1.5x106 cm-2, which 
further reduced to 1x105 cm-2 in epi-layers of ^  400 pm thicknesses. Selected DICM images 
of etched GaN layers are shown in Fig.8.2b and Fig.8.2c. The reduction in DD with the 
increasing layer thickness indicates that a dislocation annihilation mechanism was prominent 
during the growth of successive GaN layers.
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The surface finish of the GaN substrates was excellent as studied by SEM and DICM, however, 
a few polishing scratches were observed on the surfaces of a few GaN substrates. Mechanical 
polishing can introduce residual defects, which sometimes are not fully removed in the final 
epi-polishing step. During subsequent growth, these residual defects continue into the growing 
layer and hence, contribute to the overall increase in the defect density as happened in a few 
cases (Fig.8.2d). Sample areas without the polishing defects have nearly the same order of DD 
(i.e. 104 cm-2) as in the GaN substrates, compare Fig.8.2a and Fig.8.2b. This implies that 
the HVPE process itself does not introduce any dislocations in the epi-layers and that all the 
present dislocations in the subsequently grown layer were propagating from the substrate. An 
increase in the DD locally due to polishing scratches has been reported before in the MOCVD 
epi-layers overgrown on truly-bulk-GaN substrates prepared by the ammonothermal method
[11]. The low DD in our HVPE layers asserts the importance of the bulk substrates for 
epitaxial growth and reflects the ability of HVPE process to produce excellent material with 
a low DD as long as high quality native substrates are used.
The structural quality of the GaN substrates and the epi-layers was checked by recording the 
symmetric (0 0 0 2) and asymmetric (10 15) RCs and are shown in Fig.8.3. The full width 
at half maximum (FWHM) values for the GaN substrates were in range of 22-25 arcsec for 
the (0 0 0 2) symmetric and in range of 32-40 arcsec for the (10 15) asymmetric reflections. 
For the epi-layers (20- to 400 |xm) deposited on these substrates, the FWHMs for (0 0 0 2) 
RCs were between 36-40 arcsec and for (1 0 I 5) reflections, the values were 32-50 arcsec. 
These outstanding values show excellent structural quality of the epi-layers. The XRD results 
further emphasize the importance of GaN substrates over foreign substrates.
The stress in the as-grown GaN epi-layers and the substrates was probed by room temperature 
|a-Raman spectroscopy (Fig.8.4). The E2 mode, which is sensitive to the biaxial stress, 
appeared at 567.7 cm-1  in the case of GaN substrates (pre-deposition) and epi-layers (post­
deposition). This implies that the same amount of the biaxial stress is present in both the 
GaN substrates and the epi-layers, i.e. during growth no additional stress is introduced in 
the layer by the HVPE process.
The A1 mode is sensitive to the carrier concentration and can shift to lower or higher en­
ergy values in response to the impurities and doping levels in the material. At high carrier 
concentrations (1018 cm-3), the A1 mode becomes the so called longitudinal optical phonon- 
plasmon coupled (LOPC) mode and shifts towards higher energies [8]. The LOPC modes 
further split into two branches or modes often referred as L+ and L- .
The allowed A1 mode was not distinctly detectable in the GaN substrates (pre-deposition) 
implying a high impurities concentration. However this mode reappeared in subsequently 
overgrown GaN epi-layers as can be seen in Fig.8.4. The reappearance of the A1 mode in the 
overgrown layers is indicative of a low background carrier concentration in overgrown HVPE 
epi-layers in comparison with the GaN substrates. These results support the fact of dark
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Figure 8.3: Symmetric (0 0 0 2) and (b) assymmetric (10 15) RCs of GaN-substrate and HVPE 
epi-layers of thickness 20- and 400 pm, respectively.
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Figure 8.4: p-Raman spectra of GaN-substrate and subsequently overgrown epi-layers.
greenish color of the substrates in contrast to the colorless HVPE grown layers. This further 
shows that the HVPE process is capable of producing GaN of high purity.
The carrier concentration in the overgrown films and GaN substrates was calculated from 
the spectra using the following approximation [12],
n = 1 .1  x 1017cm-3 (vmax/ c m -1 — 736)0'764 ( 8.1)
where vmax is the frequency of the L+ mode.
In the case of GaN substrates, the broad band at 1200 cm-1  is estimated to be the L+ 
(LOPC) mode, while the broad peak at 417-480 cm-1  is estimated as the L-  mode from the 
Raman spectrum. In case of the epi-layers, the distinct A1 mode, as indicated in Fig.8.4, is 
the L+ mode and the broad peak at 417-480 cm-1  is the L-  mode.
The estimated (using Eq.1) and measured values (CVP measurements) of the carrier concen­
tration were found to be in good agreement. The carrier concentration in the GaN substrates 
was 1.1x1019 cm-3 , while in epi-layers it was in the order of 1017 cm-3. The high values of 
the carrier concentration in the GaN-substrates explain the absence of the A1 mode in the
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Raman spectra.
In order to further confirm the behavior of the A1 mode, a GaN-substrate with a low carrier 
concentration was measured. The A1 mode reappeared at 734 cm-1  in this case. The carrier 
concentration estimated using Eq.1 was in the order of 2.2 x1017 cm-3.
In addition, sharp and intense Raman modes also confirmed the high quality of the HVPE 
and bulk GaN substrates.
8.4 C onclusions
The growth of GaN epi-layers on the GaN substrates has been demonstrated. The overview 
of the results has suggested that the substrate quality is crucial in order to obtain high 
quality material as long as the growth process is optimized. The HVPE layers grown on 
GaN substrates were transparent, colorless, and shiny. Locally the DD was in order of 104 
cm-2 which is same as in the GaN substrates, however the average DD was in order of 106 
cm-2. High dislocation number in the vicinity of polishing introduced defects contributed 
to the overall increase in the average DD. Thus, in addition to the bulk, finishing quality 
of the substrate is also of vital importance in this regard. The structural quality of the 
material was assesed by the RC-XRD and it stands as one of the best results for HVPE- 
grown material. Raman results showed that the HVPE-grown GaN layers have the same 
amount of biaxial stress as the in GaN substrates. The carrier concentration in the HVPE 
material reduced to 1017 cm-3 , when compared with carrier concentration of 1019 cm-3 in 
GaN substrates which imply that the HVPE material has a low density of point defects. This 
study also suggests that the bulk substrates in combination with the HVPE are capable of 
producing high quality material even at high thicknesses. Thick HVPE layers can be sliced 
and multiplied into further substrates. Hence such combination of GaN bulk substrates and 
HVPE will play a vital role in future commercialization of the large-sized GaN substrate at 
low prices.
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Sum m ary
Crystal growth resembles to baking a pizza. The issues in a crystal growth of GaN can be 
understood by taking an analogy of baking a pizza. You want to make a pizza with your 
favorite toppings and cheese. However, if the base of the pizza or the baking conditions 
(baking time, oven temperature, etc) are not right, the pizza will not be eatable despite the 
fact you opt for the best toppings. The same is true for GaN. It posses the ideal properties 
for optical and electronic devices, however, non-availability of good substrates (on which it 
has to be grown) and difficult optimization of the growth methods result into GaN material 
with a high defect density, which is not desirable for the opto-electronic devices.
This thesis describes the growth and characterization of GaN. GaN is one of the wide band 
gap III-Nitride semiconductors. As said earlier, it is highly suitable for modern electronic and 
opto-electronic applications due to its excellent intrinsic properties. Most of the GaN based 
applications are deposited on foreign substrates. This is because of the limited availability 
of GaN native substrates.
Sapphire is one of the best choices as a foreign substrate for GaN growth despite its large 
lattice and thermal mismatch with GaN. Its easy availability at reasonable prices and its 
ability of withstanding extreme growth conditions are the main reasons for picking sapphire 
as a substrate for GaN epitaxy. On the other hand, the quest for GaN substrates demands 
growth techniques capable of growing GaN at high speeds. HVPE has emerged as a growth 
technique, which is capable of growing bulk-like GaN of high quality at high deposition rates. 
The duo of HVPE as a growth method and sapphire as a substrate was the first one to be 
employed for GaN growth and still is one of the best developed combinations in this regard.
The growth of GaN on sapphire, though, carries disadvantages which lead to the formation 
of cracks and a high bowing of the GaN epi-layers and sapphire. Additionally, the lattice 
mismatch between sapphire and GaN leads to a high dislocation density2 which prevents the 
realization of high power devices. The goal of this work was to deal with these issues, while 
growing thick GaN epi-layers on sapphire substrates by HVPE.
In the first phase of this work, the growth process was develop in a newly built, horizontal 
HVPE reactor. Theoretical modeling of the reactor, already performed at the department, 
greatly helped in optimizing the process experimentally. The experimental optimization 
resulted in the growth of thick layers (300 pm) on sapphire and MOCVD-templates. The 
MOCVD-templates consists of thin GaN layers (~  2 pm) grown on sapphire substrates 
by MOCVD. Structural and optical characterization studies showed that the layers grown
2Dislocations are line like defects which indicate the distrubance in periodicity of the crystalline structure.
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on both types of substrates possessed high quality. One of the main achievements of this 
work was that the successful optimization resulted in a reduction of the dislocation density 
in HVPE epi-layers, a dislocation density of 108 cm-2 was obtained in comparison to the 
dislocation density of 109 cm-2 in the starting MOCVD-templates. The average order of 
dislocation density was 107 cm-2 in case of the GaN layers grown directly on sapphire. 
The reproducibility of the process was high in terms of producing crack-free, specular layers 
with a smooth surface morphology, especially for growth on sapphire substrates. In case of 
growth on MOCVD-templates, the overgrown HVPE layers suffered from a different degree 
of cracking due to the varying values of the strain in the MOCVD-templates. The results 
are discussed in detail in chapter 3.
High power UV-lasers have wide range of medical and opto-electronic applications demanding 
for efficient and long life time UV-lasers. The efficiency of laser structures is directly related 
to the quality of material, they are based on. GaN-based UV-laser performance is highly 
effected by (threading) dislocations. These defects effect the lasing efficiency and shortens 
the life time of lasers.
As discussed earlier, the growth on sapphire substrates using optimal conditions resulted in 
material with a dislocation density in the order of 107 cm-2 . This defect density in GaN 
is acceptable for applications like light emitting diodes (LEDs), however, high power lasers 
require a maximum defect density of 105 cm-2. Hence, one of the goals of this work was to 
introduce techniques in our optimized process that work towards a further reduction of the 
dislocation density in the grown GaN epitaxial layers.
In a first approach (which is discussed in detail in chapter 4 of this thesis), we treated 
MOCVD and HVPE-grown samples with defect selective etchants, resulting in the formation 
of V-shaped pits on dislocations. These V-shaped pits have three distinct sizes corresponding 
to the three different types of dislocations present in GaN. The largest pits are formed on 
the screw-type dislocations, while the middle and the smallest-sized pits correspond to the 
mixed and edge dislocations, respectively. In this work, samples were etched, resulting in 
deep pits, and overgrown with a 20 pm thick HVPE layer. SEM and DICM studies revealed 
that the, screw-type dislocation related, pits were mostly overgrown without filling in the 
pits with GaN because of the large inclination angles of the walls (~  60°) and depth of 1.6 
pm. In some cases, edge/mixed dislocations in the vicinity of the large pits formed on screw- 
type dislocation were also overgrown without filling in. The overgrowth, without filling-in, of 
the defect-related pits prevented the propagation of dislocations in the overgrown layers and 
resulted in a 50% local reduction of the dislocation density. The method was particularly 
succesful in MOCVD samples because of its high density of screw-type defects present in 
contrast to HVPE-grown GaN.
The second approach used in order to reduce the number of dislocations in the HVPE-grown 
layers was that a SiNx treatment was introduced at different stages of the growth process.
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As a result of this SiNx treatment, a nano-porous SiNxlayer is formed, which promotes 
selective nucleation in the initial stages of the process. Selective nucleation results in a low 
generation of dislocation type defects. SEM studies of the etched layers with a thickness 
60 pm revealed that the SiNx treatment worked best when introduced after deposition of 
the GaN nucleation layer on sapphire. The dislocation density in epi-layers grown with the 
optimal SiNx treatment resulted in a reduction of the dislocation density from 107 cm-2 to 
106 cm-2. High quality GaN epi-layers were grown with this method as depicted by the SEM, 
TEM, and PL study, see chapter 5 for detailed results.
There is no better substrate for GaN epitaxy than the native GaN substrate. This is a well 
understood fact. HPNSG (high pressure nitrogen solution growth) and ammonothermal are 
the main bulk-growth methods. The ammonothermal method emerged as the most effective 
method and production of 1.5 inch wafers is recently reported. However, there are still dif­
ficulties in producing large-sized GaN boules with this method. The other approach is the 
production of quasi-bulk or free-standing GaN substrates by first growing on foreign sub­
strates and later getting rid of the substrate by laser lift off method, spontaneous separation, 
etc.
We also worked towards the realization of a GaN substrate in this project work. We used 
thermal expansion coefficient mismatch between GaN and sapphire to our advantage. Thicker 
GaN layer (0.6 to 1.2 mm) were grown which were impervious to the thermal strain generated 
during the cooling of sample to room temperature and hence, resulted in a spontaneous sep­
aration of free-standing GaN with cracking of sapphire. HCl and Cl2-based HVPE processes 
were employed to study the spontaneous separation mechanism.
In the HCl-based HVPE process, the GaN-templates, which were 300 pm thick GaN layers 
deposited directly on sapphire, were overgrown. The overgrown layers were upto 600 pm 
in thickness. These overgrown layers spontaneously separated itself from the substrate due 
to built up of high thermal strain during cooling of samples to room temperature. The 
spontaneous separation was observed in large pieces, but separation of a full 2 inch wafer 
was not realized. This implies that the thickness of the overgrown layer was not sufficient 
enough to withstand the thermal strain. Growth of layers thicker than 600 pm was hindered 
by parasitic deposition. A study of the properties of free-standing GaN revealed that they 
had a low dislocation density and excellent optical and structural properties. The FS-GaN 
had only a small amount of residual strain which was homogeneously distributed in axial as 
well as in planar direction. The interesting aspect of this study was that the spontaneous 
separation took place in the GaN layer and not from the sapphire substrate, as usually 
believed. A detailed study of the spontaneous separation mechanism and properties of free­
standing GaN is presented in chapter 6.
The spontaneous mechanism was studied using a Cl2-based HVPE process as well (see chapter 
7). High deposition rates , i.e. 4x of the HCl-based HVPE process, and a reduced rate of
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parasitic deposition allowed to grow for longer time in the Cl2-based process. Hence, layers 
of thickness 0.8- to 1.2 mm were overgrown on the GaN-templates (300 pm thick GaN layers 
deposited directly on sapphire). These thicker layers were separated in one piece as whole
2 inch wafers during cooling down. These free-standing layers had a smooth morphology 
with an occasional appearance of pits. The structural quality was high as depicted by XRD 
rocking curve scans. Sharp, narrow peaks, and nominally present yellow luminescence in PL 
spectra confirmed the excellent optical quality of the spontaneously separated complete 2 
inch GaN wafers.
The effect of GaN substrates on the quality of HVPE-grown GaN layers was also studied 
(see chapter 8). Bulk-GaN substrates were prepared by one of the bulk growth methods 
and supplied by a commercial vendor. XRD, p-Raman spectroscopy, etching and DICM 
techniques were employed for this purpose. The dislocation density in these layers was in the 
same order as in the substrates, i.e., 104 cm-2. In some cases, the defects appeared as a result 
of surface finishing steps in substrates, which contributed to an increase of dislocation density 
upto 106 cm-2. Narrow FWHM of XRD rocking curves depicted an excellent structural 
quality of the overgrown HVPE layers. Both the HVPE layers and substrates had the same 
amount of strain illustrating that HVPE itself does not introduce more defects. Carrier 
concentration in the substrates was in the order of 1019 cm-3 which reduced to 1017 cm-3 in 
the subsequently overgrown layers. This implies that HVPE process is capable of producing 
layers of high purity and does not introduce further impurities in the growing layers.
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Sam envatting
Kristalgroei kan vergeleken worden met het bakken van een pizza. Ondanks het gebruik van 
de beste producten en kaas op de pizza, is de pizza pas echt goed als de bodem perfect is. Een 
goed recept voor de bodem met de juiste condities voor het bakken ervan is dus erg belangrijk 
voor het uiteindelijke product. In analogie met het bereiden van dit Italiaanse gerecht, geldt 
dit ook voor de depositie van GaN lagen. Ondanks dat dit materiaal de juiste eigenschappen 
bezit voor succesvol gebruik in allerlei optische- en elektronische instrumenten, wordt de 
daadwerkelijke toepassing van dit materiaal gehinderd door het gebrek aan geschikte dragers 
(bodems) en een lastige optimalisatie van de depositiecondities. Dit resulteert in materiaal 
met een hoge defectdichtheid wat het ongeschikt maakt voor de bovengenoemde toepassingen.
Dit proefschrift beschrijft de depositie (”groei”) en het karakteriseren van GaN lagen, een 
halfgeleider behorend tot de groep III-Nitrides. Deze halfgeleiders (GaN, AlN en InN) zijn 
zeer geschikt voor moderne elektronische en opto-elektronische toepassingen vanwege hun 
grote en directe bandafstand. Verreweg de meeste van deze toepassingen zijn gebaseerd op 
GaN structuren die zijn gegroeid op vreemde, dat wil zeggen, niet-GaN substraten. Dit wordt 
veroorzaakt door de nog altijd slechte verkrijgbaarheid van GaN-substraten.
Van deze vreemde substraten blijft saffier een van de beste keuzes als substraat voor de groei 
van GaN, ondanks de grote verschillen in roosterconstante en thermische uitzettingscofficint 
tussen saffier en GaN. Het grote voordeel van saffier als substraatmateriaal is de grote beschik­
baarheid tegen redelijke prijzen en de eigenschap van saffier om bestand te zijn tegen de 
extreme omstandigheden die nodig zijn voor de groei van GaN. Aan de andere kant, de zoek­
tocht naar GaN substraten vraagt om technieken waarmee dit materiaal met een hoge snelheid 
gedeponeerd kan worden. In dit licht bezien is Hydride Vapor Phase Epitaxy (HVPE) een 
geschikte depositiemethode voor GaN. De combinatie van saffier als substraat en HVPE als 
groeimethode was de allereerste combinatie gebruikt voor de groei van GaN lagen is daarom 
n van de beste en meest ontwikkelde technieken in dit verband.
Ondanks de grote hoeveelheid onderzoek besteed aan de groei van GaN op saffier, heeft deze 
combinatie nog steeds een aantal grote nadelen zoals scheurvorming in de GaN laag en het 
ontstaan van gekromde lagen door de opbouw van grote spanningen tijdens en na de groei. 
Bovendien veroorzaakt het verschil in roosterconstante tussen GaN en saffier een zodanig 
hoge dichtheid aan defecten in de GaN-laag dat het bijna onmogelijk is om hoogvermogen 
apparaten van dit materiaal te ontwikkelen. Het doel van het project, en dus ook van het 
werk gepresenteerd in dit proefschrift, was om, uitgaande van het gegeven van HVPE als 
groeimethode en saffier als substraat, dikke lagen GaN te deponeren van goede kwaliteit die 
vervolgens als GaN substraat kunnen dienen.
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In de eerste fase van dit project was noodzakelijk om het groeiproces te ontwikkelen in 
de nieuw gebouwde, horizontale HVPE reactor. Het bestaande groeiproces van de kleine 
HVPE reactor werd overgezet naar en aangepast aan deze nieuwe en veel grotere reactor, 
daarbij geholpen door een theoretische studie, die al verricht was op de afdeling, naar het 
schalen van het HVPE proces van kleine naar grote reactoren. Vervolgens werd het proces 
verder geoptimaliseerd wat uiteindelijk resulteerde in de groei van dikke lagen (300 pm) GaN 
rechtstreeks op substraten van saffier en/of op dunne GaN lagen (2 pm) die eerst met behulp 
van de MOCVD techniek op substraten van saffier waren gegroeid (MOCVD-template). Het 
karakteriseren van de structurele en optische eigenschappen van deze lagen toonde aan dat de 
kwaliteit van dit GaN materiaal uitstekend was. En van de belangrijkste resultaten van deze 
optimalisatie is dat de dislocatie dichtheid van 109 cm-2 in de gebruikte MOCVD-templates 
daalde naar 108 cm-2 in de HVPE gegroeide GaN lagen, terwijl in het geval van GaN-lagen 
die direct op saffier gegroeid waren een gemiddelde dislocatiedichtheid van 107 cm-2 gehaald 
werd. Daarnaast werd de reproduceerbaarheid van het proces vergroot, waarbij de nadruk 
werd gelegd op aspecten zoals voorkomen van scheurvorming en een gladde morfologie. Vooral 
lagen die gegroeid werden op de MOCVD templates hebben te lijden onder deze vorming 
van scheuren. De resultaten worden in detail besproken in hoofdstuk 3.
Hoog vermogen UV-lasers hebben een ruim scala aan mogelijke toepassingen van medisch 
gebruik tot toepassingen in de halfgeleider industrie. Efficiente UV-lasers met een lange lev­
ensduur zijn een voorwaarde voor deze toepassingen. De efficientie en de levensduur van dit 
soort apparaten is direct gerelateerd aan de kwaliteit van het materiaal waaruit ze gefab­
riceerd zijn. De prestaties van op GaN gebaseerde UV-lasers worden voor een groot deel 
bepaald door de dichtheid aan dislocaties in het GaN materiaal. Deze defecten treden op als 
niet stralende recombinatie centra en verminderen daarmee de opbrengst van de laserstruc- 
tuur. Bovendien verkorten deze defecten de levensduur van de laser.
Zoals hierboven beschreven, resulteerde de geoptimaliseerde groei van GaN direct op saffier 
in materiaal met een dislocatiedichtheid van 107 cm-2. Dit is een waarde die zeker aan­
vaardbaar is voor het gebruik in LEDs, maar voor hoog vermogen lasers zijn lagen met een 
dislocatiedichtheid van 105 cm-2 of lager nodig. Daarom is in ons project de doelstelling 
opgenomen om materiaal te groeien met een dergelijk lage dichtheid aan dislocaties. Hiertoe 
zijn enkele methoden ontwikkeld die in het geoptimaliseerde groeiproces van GaN op saffier 
kunnen worden ingebouwd.
De eerste benadering, welke in detail besproken wordt in hoofdstuk 4 van dit proefschrift, 
gaat uit van het groeien van dikke lagen GaN op speciale substraten, (dunne) lagen GaN op 
saffier substraten welke templates worden genoemd. Twee verschillende soorten templates 
zijn hiervoor gebruikt, namelijk templates vervaardigt met behulp van MOCVD en templates 
vervaardigt met behulp van HVPE. De GaN lagen van deze templates worden aangetst met 
behulp van een selectief etsmiddel. Etsen met dit etsmiddel leidt tot de vorming van V- 
vormige putjes op de plaats waar dislocaties aan de oppervlakte komen. Deze V-vormige
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putjes hebben drie verschillende groottes die overeenkomen met de drie verschillende typen 
van dislocaties welke aanwezig in GaN. De grootste putjes worden gevormd op de schroefdis- 
locaties, terwijl de middelste en de kleinste putjes gevormd worden op gemengde en/of rand 
dislocaties. In het werk gepresenteerd in dit hoofdstuk, werden deze templates getst en hi­
erop werd een 20 pm dikke HVPE GaN laag gegroeid. Uit SEM en DICM studies blijkt dat 
de etsputten ten gevolge van schroeftype dislocaties overgroeid kunnen worden. Het over­
groeide putje wordt meestal niet opgevuld maar blijft leeg wat veroorzaakt wordt door de 
grote helling hoek (60 ) van de zijvlakken in combinatie met een relatief grote diepte van
1,6 pm. Soms worden ook de putjes van individuele rand /  gemengd dislocaties overgroeid 
zonder dat ze opgevuld worden mits ze zich in de nabijheid van de grote kuilen gevormd 
op schroef type dislocaties bevonden. Overgroei zonder opvulling van de putjes blokkeert 
de voortzetting van de dislocaties in de aangegroeide laag wat uiteindelijk resulteerde in een 
50% vermindering van de lokale dislocatie dichtheid. Deze methode is vooral succesvol bij 
gebruik van MOCVD-templates vanwege de hoge dichtheid aan schroef type dislocaties in 
dit GaN materiaal.
De tweede benadering die gebruikt is in dit proefschrift om de dichtheid aan dislocaties te 
verminderen in de HVPE gegroeide lagen was de introductie van een SiNx behandeling in 
verschillende stadia van het HVPE groei proces. Deze SiNx behandeling resulteert in een 
nanoporeuze laag SiNx, wat vervolgens selectieve groei van GaN op deze laag stimuleert. 
Selectieve groei resulteert vervolgens in een GaN laag met een duidelijke verlaging van het 
aantal dislocaties. Uit SEM studies van de geetste lagen met een dikte van 60 micrometer, 
is gebleken dat deze behandeling met SiNx het meest effectief werkte wanneer deze direct 
plaatsvindt na de depositie van de GaN nucleatie laag op saffier. Dan leidt deze methode 
tot een reductie in het aantal dislocaties tot een dichtheid van 106 cm-2 , in vergelijking tot 
een dislocatie dichtheid van 107 cm-2 voor de GaN lagen gegroeid zonder deze behandeling 
(bij een vergelijkbare dikte van de gegroeide laag). De SiNx behandeling resulteerde in een 
hoge structurele kwaliteit van het GaN materiaal zoals bepaald werd door SEM, TEM, en 
PL-studies, zie hoofdstuk 5 voor gedetailleerde resultaten.
Er is geen beter substraat voor GaN epitaxy dan GaN zelf. De twee meest gebruikelijke 
groeimethoden voor bulk GaN kristallen zijn de HPNSG (High Pressure Nitrogen Solution 
Growth) en de ammonothermale methode. De ammonothermale methode lijkt tot nu toe de 
meest effectieve methode en de productie van 1,5 inch GaN wafers is onlangs gerapporteerd. 
Ondanks de prachtige resultaten zijn er nog steeds problemen bij de massaproductie van 
deze wafers, vooral de vervaarding van startkristallen van voldoende diameter levert nog 
de nodige problemen op. Een andere benadering is de is de productie van quasi-bulk of 
vrijstaande GaN-substraten, uitgaande van de HVPE groei van dikke lagen GaN op vreemde 
substraten. Vervolgens worden dan de lagen van de substraten gescheiden, bijvoorbeeld met 
de laser lift-off methode of spontane seperatie.
In dit project is ook gewerkt aan de realisatie van GaN substraten. Voor de scheiding van het
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substraat en de dikke GaN laag gebruikten we het verschil in de thermische expansie-cofficint 
van deze materialen in ons voordeel. Dikke lagen GaN (0,6 tot 1,2 mm), die sterk genoeg zijn 
om de thermische spanning gegenereerd tijdens het koelen van groei- tot kamertemperatuur 
te weerstaan, werden gegroeid. Het vervolgens na de groei afkoelen tot kamertemperatuur 
resulteerde in een spontane scheiding van de dikke GaN laag van het saffier. Voor de groei 
van de dikke GaN laag hebben we zowel de op HCl als het op Cl2 gebaseerde HVPE proces 
gebruikt.
Met behulp van het op HCl-gebaseerd HVPE proces werden GaN-templates gegroeid, direct 
op saffier, met een dikte van 300 pm. Vervolgens werden deze opnieuw overgroeid tot een 
totale dikte van 600 pm GaN. Deze dikke lagen werden spontaan gescheiden van het saffier 
substraat tijdens het afkoelen tot kamertemperatuur. Grote stukken GaN werden gescheiden 
van het substraat, maar het lukte helaas niet om een volledige 2 inch wafer in n stuk van 
het substraat te scheiden. Dit komt door gebrek aan dikte van de GaN laag en daardoor 
gebrek aan sterkte. Helaas werd de depositie van lagen dikker dan 300 pm belemmerd door de 
parasitaire afzetting in het op HCl-gebaseerd HVPE proces. Studie van de eigenschappen van 
het vrijstaand GaN gaf te zien dat het een lage dislocatiedichtheid en uitstekende optische en 
structurele eigenschappen bezat. In de vrijstaande GaN lagen was slechts een verwaarloosbare 
hoeveelheid (rest-) spanning aanwezig. Het interessante aspect van deze studie was dat de 
spontane scheiding plaats vond in de GaN laag en niet aan de overgang van het saffier 
substraat naar de GaN laag zoals meestal gedacht. In hoofdstuk 6 wordt een gedetailleerde 
studie van dit separatiemechanisme en de eigenschappen van het vrijstaande GaN beschreven.
De spontane scheiding van GaN en saffier werd ook onderzocht met gebruikmaking van het 
op het Cl2 gebaseerd HVPE proces (hoofdstuk 7). Een hoge depositiesnelheid, dat wil zeggen 
4x die van het op HCl-gebaseerd HVPE proces, en een aanzienlijk gereduceerde parasitaire 
depositie leiden tot een langere groeitijd. Dit resulteert vervolgens in de depositie van GaN 
lagen van 0,8 tot 1,2 mm dikte afgezet op GaN templates. Omdat de laag veel dikker is en 
dus mechanisch veel sterker had dit tot gevolg dat volledige 2-inch wafers gescheiden werden 
van het substraat. Deze vrijstaande lagen had een gladde oppervlakte morfologie met af en 
toe de aanwezigheid van putjes. De structurele kwaliteit was hoog zoals bepaald werd uit 
XRD metingen. PL-spectra bestaande uit scherpe en smalle pieken gecombineerd met de 
bijna complete afwezigheid van zogenaamde gele luminescentie bevestigden de uitstekende 
optische kwaliteit van deze spontaan volledig gescheiden 2-inch wafers GaN.
Het effect van GaN-substraten op de kwaliteit van de daarop gegroeide HVPE GaN-lagen 
werd ook bestudeerd (zie hoofdstuk 8). Commercieel verkrijgbare bulk GaN-substraten wer­
den bestudeerd voor de groei met technieken zoals XRD, -Raman spectroscopie, etsen en 
DICM technieken. Hierop werden GaN lagen gegroeid met onze GaN HVPE reactor. De 
dislocatie dichtheid in de gegroeide lagen is van de zelfde grootte orde als die in het substraat, 
namelijk 104 cm-2 . In sommige gevallen bleken defecten te ontstaan als gevolg van de niet 
perfecte oppervlakte afwerking van de substraten. Deze leiden soms tot een locale stijging
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van de dislocatie dichtheid. Deze locale hoge dislocatie dichtheden hebben een relatief grote 
bijdrage aan de gemiddelde dislocatie dichtheid van 106 cm-2. Röntgen metingen toonden 
aan dat de kwaliteit van de lagen uitstekend was. Zowel de HVPE lagen als de substraten 
hadden dezelfde hoeveelheid spanning, wat impliceert dat het HVPE proces geen extra span­
ning in het materiaal brengt. De ladingsdragers concentratie in de gebruikte substraten was 
in de orde van 1019 cm-3 , die in de gegroeide lagen was slechts 1017 cm-3. Dit impliceert dat 
het HVPE proces heel geschikt is voor het produceren van lagen met een hoge zuiverheid en 
dat het HVPE proces geen extra onzuiverheden in de groeiende lagen introduceert.
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